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Abstract 
Increasing requirements for renewable energy supply have pushed forward the 
development of low-cost, high-performance energy storage systems. Supercapacitors 
are a promising alternative to traditional electrochemical battery power storage devices 
as they have high power and energy densities and long cycle lives. Binary transition 
metal oxides (BTMOs) have been investigated as promising materials to improve 
supercapacitors as they can harness both faradaic and non-faradaic mechanism for 
energy storage and may exhibit improved conductance compared to simple metal 
oxides. The combination of these parameters leads to materials that can deliver superior 
capacitance, long cycling life, and good rate performance.  
Energy storage mechanisms in electrochemical devices are primarily surface reactions 
and maximising the available surface area for electrode/electrolyte interaction should 
improve storage capacity. As such, being able to create a porous electrode material with 
a suitable pore size distribution should improve the electrochemical performance of 
supercapacitors. 
The main aim of this work was to use polymeric templates to synthesise porous binary 
transition metal oxides (BTMOs) as a way of improving the specific capacitance of 
materials that could be used to construct supercapacitor electrodes.  
Novel, porous BTMO materials (NiMoO4, NiCo2O4, CoMoO4 and NaNiVO4) were 
synthesised using Egg-Shell Membrane (ESM) and poly(methylmethacrylate) (PMMA) 
using simple, one-pot hydrothermal combustion techniques. The synthesised materials 
were physically and electrochemically characterized.  
Addition of a template to the synthesis procedure resulted in improved performance 
compared to non-templated material for NiMoO4, NiCo2O4, and CoMoO4. In particular, 
use of the ESM template resulted in significant improvements in performance of the 
molybdates. The ESM templated NiMoO4 had the best performance with a measured 
specific capacitance 259 F.g-1 (2-electrode system) with an energy density of 252.2 
Whkg-1. The ESM template seemed to promote the formation of β-NiMoO4, a crystal 
structure that has superior electrochemical storage properties compared to other 
isomorphs. This was achieved with relatively mild synthesis conditions and resulted in a 
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material that had a porous structure consisting of nanowire like particles. This open, 
fibrous structure increased available surface area and accessibility to the interior of the 
bulk material. 
Optimal choice of polymeric template may need to be tuned to the final product as the 
best specific capacitances for CoMoO4 (74.45 F.g-1) and NiCo2O4 (38.03 F.g-1) were 
achieved using different templates; ESM for the former and PMMA for the latter.  
Synthesis of a novel material, NaNiVO4, was attempted but the resulting material was 
not fully characterised due to poor performance during initial electrochemical testing. 
8 
 
Table of Contents 
Acknowledgment                       3 
Publications                        4 
Conference Presentations                      5 
Abstract                        6 
List of Figures                      12 
List of Tables                      14 
List of Acronymns                      15 
 
Chapter 1   Introduction and Literature Review                 17 
1.1. Electrochemical Power Sources and Classification                 18 
1.2. Why Supercapacitors for Energy Storage?                  21 
1.3. Electrochemical Double Layer Capacitors (EDLCs)                23 
1.4. Pseudocapacitors                      24 
1.5. Electrochemical Performance of EDLCs vs. Pseudocapacitor               25 
1.6. Hybrid Electrochemical Capacitor                   26 
1.7. Suitable Electrode Materials (Cathode)                  27 
1.7.1. Carbon Materials                      27 
1.7.2. Conducting Polymers                    28 
1.7.3. Activated Carbon                      28 
1.7.4 Metal Oxides                      28 
1.8. Binary Transition Metal Oxide (BTMOs) as cathodes                30 
1.9 Efficient Synthesis of Templated BTMO Materials                 32 
1.10. Study Objectives                      32 
1.11. References                      35 
9 
 
Chapter 2   Effect of Polymeric Templates on the Electrochemical Performance of 
NiMoO4 Supercapacitor Electrodes 
2.1. Introduction                      47 
2.2. Experimental                     50 
2.2.1. Eggshell Membrane and Polymethylmethacrylate Template               50 
2.2.2. Synthesis of Electrode Materials                   50 
2.2.2.1. Polymers Templated NiMoO4                   50 
2.2.2.2. Material Characterization and Analysis Methods                51 
2.2.2.3. Electrode Preparation and Electrochemical Characterization               51 
2.3. Results and Discussion                    52 
2.3.1. Material Characterization                    52 
2.3.2. Electrochemical Characterization                   58 
2.4. Activated Carbon                      63 
2.4.1. Physical Characterization of Activated Carbon                 63 
2.4.2. Electrochemical Characterization of Activated Carbon                64 
2.5. Conclusions                      65 
2.6. References                      67 
Chapter 3   Templated NiCo2O4 
3.1. Introduction                      74 
3.2. Experimental                     75 
3.2.1. Synthesis of Electrode Materials                   75 
3.2.1.1. Polymer Templated NiCo2O4                   75 
3.2.1.2. Material Characterization and Analysis Methods                75 
3.3. Results and Discussion                    76 
10 
 
3.3.1. Material Characterization                    76 
3.3.2. Electrochemical Characterization                   82 
3.4. Conclusions                      85 
3.5. References                      86 
 
Chapter 4   Synthesis of Porous CoMoO4 with ESM and PMMA as Templates for 
Supercapacitors 
4.1. Introduction                      91 
4.2. Experimental                    92 
4.2.1. Synthesis of Electrode Materials                  92 
4.2.1.1. Polymer Templated CoMoO4                  92 
4.3. Results and Discussion                   92 
4.3.1. Material Characterization                   92 
4.3.2. Electrochemical Characterization                  98 
4.4. Conclusions                    102 
4.5. References                    102 
 
Chapter 5   Synthesis NaNiVO4 as a Novel Electrode Material for Supercapacitors 
Applications 
5.1. Introduction                     106 
5.2. Experimental                   108 
5.2.1. Synthesis of Electrode Materials                  108 
5.2.1.1. Sol-gel Method                   108 
5.2.1.2. Autoclave Method                  108 
11 
5.2.2.3. Material Characterization and Analysis Methods            109 
5.2.1.4. Electrochemical Characterization            109 
5.3. Results and Discussion            109 
5.4. Conclusion              113 
5.5. References              114 
Chapter 6   General Discussion            117 
6.1. Conclusion              121 
6.2. References           122 
Chapter 7   Recommendation for Future Work            126 
Appendix:   Papers Published Based on the Results of This Thesis            127 
12 
 
List of Figures 
 
Figure 1.1    Schematic of the two categories of battery: (a) primary battery; (b) 
secondary battery.        19 
Figure 1.2   Schematic of a supercapacitor.      21 
Figure 1.3   Schematic of two different charge storage mechanisms (a) electrochemical 
double layer capacitor (b) pseudocapacitor.    22 
Figure 1.4   Schematic of charging and discharging process in electrochemical double 
layer capacitor.        23 
Figure 1.5   Schematic of two different types of supercapacitors (a) pseudo-capacitor 
(b) hybrid capacitor.       24 
Figure 2.1   Alpha and Beta forms of NiMoO4.      48 
Figure 2.2   XRD patterns of NiMoO4 (a) with ESM, (b) with PMMA.  53 
Figure 2.3   SEM images of NiMoO4 samples (a) blank NiMoO4 (b) 1 g ESM (c) 1.5 g 
ESM (d) 2.5 g ESM and (e) 1 g PMMA.     55 
Figure 2.4   FT-IR patterns of NiMoO4 (a) with ESM, (b) with PMMA.  56 
Figure 2.5   BET and BJH plots of NiMoO4, (a) blank, (b) 2.5 g ESM and (c) 1 g 
PMMA.         58 
Figure 2.6   CV curves of NiMoO4 (a) with ESM, (b) with PMMA.   59 
Figure 2.7   CD curves of NiMoO4 (a) with ESM, (b) with PMMA.   61 
Figure 2.8   Specific capacitance plot for NiMoO4 with ESM electrode at various 
current densities.        62 
Figure 2.9   X-ray diffraction pattern of commercially available activated carbon. Inset 
shows the TEM imaging of the amorphous region.   63 
Figure 2.10 Nitrogen adsorption isotherm of activated carbon and the inset shows pore-
width distribution.        64 
13 
 
Figure 2.11   (a) Cyclic voltammogram (CV) for activated carbon (AC) negative 
scanned at 2 mV.s-1 and (b) corresponding galvanostatic (charge- 
discharge) curves for each electrode at 0.2 A.g-1. The plots are shown for 
the 1st and 50th cycles. Experiments are performed in a three-electrode 
system in 2 M NaOH electrolyte.      65 
Figure 3.1   XRD patterns of NiCo2O4 (a) with ESM (b) with PMMA.  77 
Figure 3.2   FT-IR of NiMoO4 templated with varying amount of (a) ESM and (b) 
PMMA.         78 
Figure 3.3   SEM images of NiCo2O4 samples (a) blank NiCo2O4 (b) with 1 g ESM (c) 
with 1.5 g ESM (d) with 2.5 g ESM (e) with 1 g PMMA (f) with 1.5 g 
PMMA and (g) with 2.5 g PMMA.     80 
Figure 3.4   BET and BJH plots of blank NiCo2O4, with ESM (blue line) and with 
PMMA (red line).         81 
Figure 3.5   CV curves of NiCo2O4 (a) with ESM, (b) with PMMA.   83 
Figure 3.6   CD curves of NiCo2O4 (a) with ESM and (b) with PMMA.  84 
Figure 4.1   XRD patterns of CoMoO4 (a) with ESM, (b) with PMMA.   93 
Figure 4.2   SEM images of CoMoO4 samples (a) blank CoMoO4 (b) with 1 g ESM (c) 
with 1.5 g ESM (d) with 2.5 g ESM (e) with 1 g PMMA (f) with 1.5 g 
PMMA and (g) with 2.5 g PMMA.     94 
Figure 4.3   BET and BJH plots of blank CoMoO4, with ESM (blue line) and with 
PMMA (red line).        97 
Figure 4.4   CV curves of CoMoO4 (a) with ESM, (b) with PMMA.   99 
Figure 4.5   CD curves of CoMoO4 (a) with ESM, (b) with PMMA.       100 
Figure 5.1   XRD pattern of blank NaNiVO4.               111 
Figure 5.2   CD curve of blank NaNiVO4 synthesised by the hydrogel method         112 
Figure 5.3   CD curves of blank NaNiVO4 and with 1, 1.5 and 2.5 g ESM template 
synthesised by autoclave method               112  
14 
 
List of Tables 
 
Table 2.1   Surface composition of NiMoO4 materials.   54 
Table 2.2   Specific capacitance, specific surface area and pore volume of the NiMoO4 
samples.          60 
Table 3.1   Surface composition of NiCo2O4 materials.    79 
Table 3.2   XPS data for NiCo2O4 electrode material.      79 
Table 3.3   Specific surface area, pore volume and specific capacitances of the NiCo2O4 
samples.          81 
Table 4.1   The mass percentage for CoMoO4 elements.    95 
Table 4.2   Specific capacitance, specific surface area and pore volume of the CoMoO4 
samples.         96 
 
  
15 
 
List of Acronyms 
 
Electrochemical capacitors      ECs 
Electrochemical double-layer capacitors    EDLCs 
Energy Density        E  
Cell Potential         V 
Capacitance          C 
Specific Capacitance       Cs 
Binary Transition Metal Oxides      BTMOs 
Eggshell Membrane       ESM 
Poly methylmethacrylate       PMMA 
Poly Vinylidene Fluoride      PVDF 
N-methyl-2-pyrrolidine       NMP 
Dye Sensitized Solar Cells      DSSCs 
Powder X-Ray Diffraction      XRD  
Scanning Electron Microscopy       SEM 
Energy Dispersive X-ray       EDX 
Fourier Transform Infrared spectroscopy    FT-IR 
Brunauer-Emmett-Teller       BET 
Barrett-Joyner-Halenda       BJH 
Cyclic Voltammetry        CV 
Galvanostatic Charge-Discharge      CD 
X-ray Photoelectron Spectra      XPS  
16 
 
Chapter 1 
 
Introduction and Literature Review 
Intense research effort is going into the harnessing and application of renewable energy 
sources [1,2]. Reports of rapid depletion of fossil fuels, the resultant environmental 
pollution, an increasing demand for energy in emerging economics, and the increasing 
demand for high power portable electronic devices and electric vehicles have led to a 
real need for solutions that provide economically viable clean energy from renewable 
sources to be brought to the market [3,4]. Indeed, many believe that a global solution to 
the serious and significant threats posed to the environment and economy by continued 
reliance on fossil fuels requires a radical shift to renewable and low emission energy 
technologies [5]. 
 
Harnessing renewable energy sources, such as wind and solar, has become a major 
priority for energy usage to reduce negative environmental effects from the large 
amount of pollution released by vehicles and electricity generating power stations [6,7]. 
Oil price volatility, depletion of fossil fuel resources, increasing geopolitical tensions 
and growth in energy demand have also added to the perception that a switch to using 
renewable energy sources is necessary. However, the most common complaint 
regarding an increased use of renewable energy sources is that energy production is not 
continuous. Therefore, they cannot produce power consistently and this means that 
suitable energy storage devices need to be coupled to these energy generation 
technologies [8-11] leading to a call for the urgent development and improvement of 
environmentally benign solutions for the storage of energy produced from clean, 
renewable sources [12-15]. Energy storage is very important because, for example, 
capturing a small percentage of potential wind energy could contribute significantly to 
meeting the world's electrical energy requirements. In addition, those storage solutions 
need to capture the energy produced from the renewable sources and convert it to forms 
that are more conveniently or economically storable [16-22]. 
 
One of the main challenges for this century is that energy storage.  Therefore, it is 
important that new environmentally friendly and low-cost energy storage systems be 
found in response to the emerging ecological concerns of modern society. Energy 
storage technology can be classified as physical storage or chemical storage. The main 
methodologies of physical storage are pumped storage, compressed air energy storage 
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and flywheel energy storage. Chemical energy storage mainly refers to batteries such as 
Pb-acid batteries and Li-ion batteries. In addition to traditional batteries, 
electrochemical capacitors and fuel cells are also widely used because of their 
advantages such as fast rechargeability, long cycle life, high power performance and 
low maintenance costs [23-29]. 
 
1.1. Electrochemical Power Sources and Classification. 
Electrochemical power sources are broadly categorised into three main types: 
 
(I) Fuel cells  
(II) Batteries 
(III) Supercapacitors 
 
Fuel cells are electrochemical devices that directly convert the chemical energy 
contained in a fuel (e.g. hydrogen) and an oxidant (oxygen) into electrical energy. These 
electrochemical devices consist of auxiliary parts to create the device, reactants, and a 
battery to supply energy for start-up. Unlike a battery or supercapacitor, a fuel cell does 
not run down or require charging as long as the fuel and the oxidizer are made available. 
Fuel cells have advantages and disadvantages for energy storage. The advantages 
include that they are carbon-emission free, are an accessible and clean, renewable 
energy source, and are fuel efficient. Disadvantages are emission of nitrogen dioxide, 
high cost, and high flammability [30-34]. 
 
A battery is a device that converts chemical energy contained in its active materials 
directly to electrical energy by means of electrochemical reduction-oxidation (redox) 
reactions [19]. A battery is made of one or more interconnected electrochemical cells 
each giving a current at a voltage for a specified period (∆t). The output current (I) 
and/or time (∆t) to depletion of the stored energy in a battery can be increased by 
enlarging the area of the electrodes or connecting cells in parallel. The voltage (V) for a 
desired power output (P = IV) can be manipulated by connecting cells in series [35-37]. 
A broad range of applications are plausible in a rechargeable battery system. For 
instance, the battery stores electrical energy from the grid with off–peak power and uses 
that to recharge a plug-in hybrid commuter vehicle during peak demand. Similarly, 
storage of electrical energy generated by solar or wind power can be used directly 
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during low wind or dark periods, or used for stabilizing the grid against variable 
demand for power [38-40].  
 
Batteries can be classified into two categories; primary (non-rechargeable) and 
secondary (rechargeable) as shown in Figure 1.1. 
 
Figure 1.1 Schematic of the two categories of battery: (a) primary battery (b); 
secondary battery [41]. 
 
The most common example of a secondary battery is the current state-of-the-art Li-ion 
battery. Li-ion batteries have characteristics that make them good candidates for more 
applications than other types of batteries. For example, they can be made small enough 
to be used in small devices, such as mobile phones and portable electronic devices. Li-
ion batteries have attracted much interest in the field of materials technology, 
particularly their use as high power devices for applications such as electric vehicles 
and stationary energy storage. The operation of Li-ion batteries is based on the 
electrochemical reactions between positive lithium ions (Li+) with anodic and cathodic 
active materials [36]. 
 
The electrolyte is usually a non-aqueous organic liquid, such as propylene carbonate 
(PC) which contains dissolved lithium salts, such as LiClO4. Rechargeable Li-ion 
batteries possess many advantages, such as; include high voltage, high energy density-
to-weight ratio, long cycle life, no memory effect, and slow loss of charge when not in 
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service. Conventionally, this battery system uses Li transitional metal oxides as the 
cathodes, carbon as the anode, and non-aqueous carbonated liquids as the electrolyte 
[19,25,42]. 
 
Other types of rechargeable batteries, such as Ni-Cd batteries, Na-S batteries and Pb-
acid batteries have major drawbacks, including their high toxicity and the fact that they 
suffer from memory effects: the memory effect occurs in batteries if they are 
rechargeable repeatedly after being only partially discharged. These batteries gradually 
lose usable capacity owing to a reduced working voltage [25,36]. 
 
Many applications require higher power output than many current batteries can deliver. 
Electrochemical capacitors (ECs), which include electrochemical double-layer 
capacitors that depend on the charge storage of ion adsorption and pseudo-capacitors 
that are based on charge storage involving fast surface redox reactions, are more 
suitable for high-power applications. ECs have advantages, such as high-power density, 
high energy density, ultra-long cycle lifetime, high rates and large current density for 
charge/discharge, a relatively wide range of operation temperature and safety. These 
characteristics allow a supercapacitor to store large amounts of energy and release this 
energy in fast pulses [16,17]. 
 
A supercapacitor, as shown in Figure 1.2, is a device where the electrical charges are an 
accumulation of ions on the surface of the electrode in the form of free ions. A 
supercapacitor consists of two electrodes, an electrolyte, and a separator which 
electrically isolates the two electrodes. So, a supercapacitor stores energy 
electrostatically by polarising an electrolyte solution. This can be visualised as two non-
reactive porous plates suspended within an electrolyte, across which a voltage is 
applied. The applied potential on the positive electrode plate attracts negative ions in the 
electrolyte, while the potential on the negative plate attracts the positive ions. This 
effectively creates two layers of capacitive storage, one where the charges are separated 
at the positive plate, and another at the negative plate. The two oppositely charged 
electrode plates are attached to current collectors and are kept apart, prevented from 
causing a short-circuit, by an ionically conductive, but electronically insulating, 
separator material [44-46]. 
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Figure 1.2 Schematic of supercapacitor [47]. 
 
Supercapacitors can best be utilized in areas that require applications with a short load 
cycle and high reliability and in areas where power quality improvement is required 
[43]. Currently, all the research that is focused on supercapacitors is about how to 
improve the energy density of devices/materials while maintaining high power density, 
fast charge/discharge and cycling stability.  
 
The following section explains why supercapacitors have been used to store energy. 
 
1.2. Why supercapacitors for energy storage? 
Supercapacitors can store and deliver energy at high rates, very high capacity and a low 
internal resistance compared with batteries. This is mainly due to the mechanism of 
energy storage which involves a simple charge separation at the interface between the 
electrode and the electrolyte [5]. 
 
Batteries have a higher energy density (they store more energy per unit mass) but 
capacitors have a higher power density (they can release energy more quickly). That 
makes capacitors particularly suitable for storing and releasing large amounts of power 
relatively quickly for use in more powerful equipment. Since capacitors work 
electrostatically rather than through reversible chemical reactions, they can theoretically 
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be charged and discharged any number of times. They have little or no internal 
resistance, which means they store and release energy with high efficiency. These 
attributes make supercapacitors particularly attractive for high power device 
applications [19,35]. 
 
Capacitors also tend to weigh less than batteries and generally don't contain harmful 
chemicals or toxic metals. Also, they can be used in combination with batteries to meet 
the start-up power for high power density applications. Supercapacitors (also called 
ultra-capacitors) can hold a much greater charge, greater potential, and the total energy 
stored can be much higher than normal capacitors [5,38,48]. The principle of operation 
of supercapacitor is based on energy storage and distribution of the ions coming from 
the electrolyte to surface area of the electrodes. 
 
Based on the energy storage mechanism utilised, supercapacitors are classified into 
three classes: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and 
hybrid supercapacitors (Figure 1.3). Not all capacitors are designed to operate strictly 
using the EDL mechanism only. There are two different mechanisms to store energy in 
electrochemical capacitor devices; electrostatic and non-faradic reactions. The first 
mechanism is typically found in electrochemical double layer capacitors where the 
capacitance is constant and independent of voltage. The second mechanism involves 
creating faradic currents from redox reactions and this mechanism is known as 
pseudocapacitance [49]. 
Figure 1.3 Schematic of two different charge storage mechanisms (a) 
electrochemical double layer capacitor (b) pseudocapacitor [50]. 
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Capacitors and supercapacitors that utilise an EDL mechanism to store energy generally 
have their electrodes made from carbon-based materials. For psuedocapactiors, the 
electrode materials are generally metal oxides, e.g. ruthenium oxide, cobalt-nickel 
oxides, nickel oxide, manganese oxide, and vanadium oxide. These materials not only 
store energy like an EDLC but may also exhibit electrochemical faradic reactions 
between electrode materials and ions in the appropriate potential window [51,52]. The 
following section explains who electrochemical double layer capacitors (EDLCs) work 
and their properties. The following section explains who electrochemical double layer 
capacitors (EDLCs) work and their properties. 
 
1.3. Electrochemical Double Layer Capacitors (EDLCs) 
EDLCs are constructed using two carbon-based materials as electrodes, an electrolyte 
and a separator. EDLCs can either store charge electrostatically or via non-faradic 
process, which involves no transfer of charge between electrode and the electrolyte. The 
principle of energy storage used by EDLCs is the electrochemical double layer. As can 
be seen in Figure 1.4 when voltage is applied there is an accumulation of charge on the 
electrode surfaces. Due to the difference in potential between those surfaces there is an 
attraction of opposite charges and this results in ions in the electrolyte diffusing 
over/through the separator and onto pores of the oppositely charged electrode. To avoid 
recombination of ions at electrodes, a double layer of charge is formed. The double 
layer, combined with the increase in specific surface area and a decreased distance 
between the electrodes, allows EDLCs to attain higher energy density than normal 
capacitors [6,12]. 
Figure 1.4 Schematic of charging and discharging process in electrochemical double 
layer capacitor [53]. 
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In contrast to EDLCs, pseudocapacitors store their energy based on the adsorption of 
electrode materials or from a faradaic redox reaction which takes place at the surface of 
a transition metal oxide or an electrically doped conductive polymer [12]. The following 
section examines how pseudocapacitors work and their properties.  
 
1.4. Pseudocapacitors 
Compared to EDLCs, which store charge electro-statically, pseudocapacitors store 
charge via a faradic process which involves the transfer of charge between the electrode 
and electrolyte as shown in Figure 1.5. When a potential is applied to a pseudocapacitor, 
reduction and oxidation takes place on the electrode material, which involves the 
passage of charge across the double layer, resulting in faradic current passing through 
the supercapacitor cell. The faradic process involved in pseudocapacitors allows them to 
achieve greater specific capacitance and energy densities compared to EDLCs. Metal 
oxides and conducting polymers are interesting materials for the construction of 
pseudocapacitor electrodes but they suffer a lack of stability during cycling and low 
power density [54,55]. 
Figure 1.5 Schematic of two different types of supercapacitors: (a) pseudo-capacitor; 
(b) hybrid capacitor [56]. 
 
1.5. Electrochemical Performance of EDLC vs. Pseudocapacitor. 
Even though EDLCs have fast charge-discharge rates, high power density and long 
cycling life, the energy stored in them is an order of magnitude lower than that of 
batteries. Compared with EDLCs, pseudo capacitors can achieve much higher 
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capacitance and energy density by introducing reversible redox faradaic reactions upon 
charge and discharge. Pseudocapacitive materials including transition metal oxides such 
as MnO2, RuO2, Co3O4, Fe3O4 and electrical conducting polymers like polyaniline and 
polypyrrole are widely used. However, the poor electrical conductivity and slow 
response of these materials will result in low power densities and poor stability [57]. 
 
The energy density (E) of supercapacitors depends on the cell potential (V) and 
capacitance (C) according to the equation: 
 
 E = 1
2
CV2  (1) 
 
The energy density (Whkg-1) of the supercapacitors can be enhanced by increasing C 
with development of novel electrode materials and/or broadening the cell voltage [58]. 
The next section explains hybrid energy storage device, which is combining the 
advantages of the two energy storage systems. 
 
1.6. Hybrid Electrochemical Capacitor. 
The term “hybrid” can be used when pairing two electrodes with different charge 
storage behaviour, one capacitive and one faradaic. The resulting device is in-between a 
supercapacitor and a battery. Such devices store the charge by both redox reaction and 
electrostatic phenomena occurring at the electrode/electrolyte interface. The 
electrochemical response of such hybrids has been found to be the sum of the response 
of the separate components [3,5]. The contribution of components to the total stored 
charge is proportional to the amount of each component, whereas the electrode 
configuration and composition control the power and energy delivery performance. It 
provides high cell voltage, high specific capacitance, exceptional cyclic stability and 
improved energy density [8,35]. 
 
The hybrid supercapacitors are considered a promising approach to increase the energy 
density of electrochemical capacitors. The process is based on hybridizing the electrode 
materials by the loading or encapsulation of an active material to obtain a binary or 
ternary hybrid electrochemically active material [10,22,59,60]. Hybrid supercapacitors 
have demonstrated better performances than both EDLCs and pseudocapacitors, i.e., 
higher power and energy densities as well as improved cycling stability. Asymmetric 
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hybrids combine non-faradic and faradic processes by coupling the electrochemical 
double layer capacitor with a psuedocapacitor electrode. They are set up in a way that 
the carbon material is used as a negative electrode while either metal oxide or 
conducting polymer is utilised as positive electrode [3,60,61]. 
 
EDLCs offer good cyclic stability and good power performance while pseudocapacitors 
offer great specific capacitance. In the case of a hybrid system, it offers a combination 
of both by combining the energy source of battery-like electrode with a power source of 
capacitor-like electrode in the same cell. With the correct electrode combination it is 
possible to increase the cell voltage, which in turn leads to an improvement in energy 
and power densities. It offers a promising way to construct devices and these hybrid 
devices, composed of a battery type positive electrode and an EDLC type negative 
electrode, have emerged as a new class of energy storage devices developed in recent 
years [31,62]. For example, a study by Huang et al. [63] showed that the hybridization 
of two kinds of electrodes can enhance the energy and power density of the system via 
providing wider operating potential windows and larger specific capacitances.  
 
Similarly, hybrid capacitors possess a superior electrochemical response due to their 
good electrochemical utilization through synergistic effect and reduction of the diffusive 
path length via improved specific surface area [24,36]. To achieve a high capacitance 
value and increase the energy of the electrochemical capacitor, an electrode material 
capable to reversible redox reactions might be considered. Thus, the next section looks 
at what materials are most suitable as electrodes. 
 
1.7. Suitable Electrode Materials (cathode) 
In batteries and fuel cells, electrical energy is generated by conversion of chemical 
energy via redox reactions at the anode and cathode. As reactions at the anode usually 
take place at lower electrode potentials than at the cathode, the terms negative and 
positive electrode (indicated as minus and plus poles) are used. The more negative 
electrode is designated the anode, the more positive the cathode [64]. 
 
The electrode material is the most important component of a supercapacitor, and 
manipulating and discovering new materials plays a significant role in the development 
of high-performance supercapacitors [46]. Researchers have focused their efforts mainly 
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on improving the properties of electrodes by developing new materials with high 
capacitance and improved electrochemical performance. An ideal hybrid electrode 
material should possess the following characteristics [65]: 
 
• High specific surface area. This improves the specific capacitance. Creating a 
porous electrode material with a large surface area leads to improved electrolyte 
ion diffusion and may provide more electroactive sites for faradaic redox 
reactions. 
• High conductivity. This is important for the power density. 
• High thermal and chemical stability. This results in increased cycling stability.  
• Low cost of raw materials and manufacturing 
 
The main electrode materials utilised for electrochemical capacitor electrodes can be 
categorised into three types [66,67]:  
 
• Carbon materials with high specific surface area. 
• Conducting polymers. 
• Metal oxides such as NiO, Co2O3 and V2O5. 
 
The next subsections will explain in more detail each of these types of capacitor 
electrodes. 
 
1.7.1. Carbon Materials 
Carbon materials are the most used electrode materials in the fabrication of supercapacitors 
due to advantages such as high surface area, low cost, and ready availability. Carbon 
materials use the electrochemical double layer as a storage mechanism which formes at the 
interface between the electrode and electrolyte. Hence, the capacitance mainly relies on the 
surface area accessible to electrolyte ions. Important factors which influence 
electrochemical performance are: specific surface area, pore shape and structure, pore size 
distribution, surface functionality, and electrical conductivity. Having a high specific 
surface area results in a high capability for charge accumulation at the interface of electrode 
and electrolyte. When improving specific capacitance for carbon materials, apart from pore 
size and high specific surface area, surface functionalization must be considered [68,69]. 
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1.7.2. Conducting Polymers 
Different conducting polymers have been widely researched as supercapacitor electrode 
material due to easy production and low cost. Conducting polymers have a relatively 
high conductivity and capacitance and equivalent series resistance when compared with 
carbon-based electrode materials. There are different electrode configurations that can 
be used for conducting polymers. Having one electrode negatively charged and the 
other positively charged offers a high energy density[50,68]. 
 
In conducting polymers, the reduction-oxidation process is used to store and release 
charge. However, these process cause mechanical stress in the material which in turn 
limits the stability as the number of charge-discharge cycles increases [52,70]. 
 
1.7.3. Activated carbon 
Activated carbon is the most used electrode material commercially today. Activated 
carbon has a high surface area and is easy to produce at a low cost compared to other 
materials [79].  
 
The next section presents the suitable cathode materials for supercapacitor applications.  
 
1.7.4. Metal Oxides 
Metal oxides present another alternative for materials used in electrode fabrication for 
supercapacitors. They exhibit high specific capacitance and low resistance, making it 
simpler to construct supercapacitors with high energy and power. The commonly used 
metal oxides are nickel oxide (NiO), ruthenium dioxide (RuO2), manganese oxide 
(MnO2), and iridium oxide (IrO2) [71]. 
 
Ruthenium oxide (RuO2) has been widely investigated as a promising candidate because 
of its conductivity and high specific capacitance. However, its large-scale application is 
limited by the high cost and rarity of Ru elements. At present, the environment-friendly 
transition metal oxides such as NiO, Co3O4 and MnO2, have been found to exhibit 
superior redox activity and enjoy a large natural abundance, thus a high theoretical 
energy storage capacity can be obtained at a relatively low cost. Although sharing many 
common merits, each transition metal oxide differs in its crystal structure and redox 
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behaviour [72]. Manganese dioxides (MnO2) are a new class of promising materials for 
supercapacitors because of their abundant resources, low cost, environmentally friendly 
nature, wide electrochemical window, rich redox chemistry and high theoretical specific 
capacitance [73]. In addition, MnO2 can function well in neutral aqueous electrolytes, 
unlike RuO2, NiO, and Co3O4 which can only be used in strongly acidic or alkaline 
electrolytes. MnO2 has been a particular focus for researchers because of its diverse 
structures facilitating easy movement of ions from the electrolyte and redox capability 
of the Mn4+/3+ redox couple [71]. Among the various positive electrode materials 
mentioned above, MnO2 enjoys a place of pride because it is cheap, abundant, nontoxic, 
environmentally friendly and has high theoretical specific capacitance of 1,370 F.g-1. 
However, due to the low conductivity of MnO2, the achievalbe specific capacitance of a 
MnO2 electrode, which decreases with the increase of loading mass, is always much less 
than the theoretical value of 1,370 F.g-1. 
 
Simple oxides and transition metal phosphates have been well-researched for over two 
decades now. Other oxide forms, e.g. molybdates, vanadates, and cobaltates are not well 
known in the field of energy storage [74,75]. Researchers have recently begun 
investigating mixed metal oxides as potential supercapacitor electrode material because 
the simple transition metal oxides are poor conductors. This results in high equivalent 
series resistance with limited capacity and power density. Apart from their good 
electronic conduction, mixed transition metal oxides could offer richer redox reactions 
beneficial for electrochemical applications. 
 
Recently, many nanocomposites like Co3O4-Ni(OH)2 and MnO2-NiO are attracting 
great interest for supercapacitors owing to their improved traits over pristine 
counterparts. Various nickel and cobalt composites have shown high electronic 
conductivity, consequently enhancing electrochemical performance. For example, a 
newly synthesized spinel manganese oxide (LiMn2O4) with a high specific area showed 
a high specific capacitance of 243 F.g-1 at 5 mV.sec-1. Nanoflake MnO2-NiO assembled 
on a stainless steel substrate where ZnO was employed as in-situ sacrificial template 
also showed enhanced capacitance. Although high capacitance values are achieved 
using nano architectures, the bulk material performance and the electrode cyclability 
could be further improved [76]. 
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Although considerable research on supercapacitors is aimed at improving the capacitive 
properties of positive and negative electrode materials, the optimization of the mass 
ratio between the positive and negative electrodes in asymmetric supercapacitors has 
also gained attention [77]. This is because the theoretical mass ratio of positive:negative 
electrode material, often calculated according as the equivalent charge passing through 
the positive and negative electrodes, has been shown to be an underestimate [78]. 
 
1.8. Binary Transition Metal Oxide (BTMO) as Cathodes. 
Recently, binary transition metal oxides have attracted much attention because of their 
electrical conductivity, multiple oxidation states, and good chemical and thermal 
stability, all of which lead to superior electrochemical performance [52]. Binary 
transition metal oxides (BTMOs) contain at least one transition metal ion and one or 
more electrochemically active/inactive ions. BTMO materials often exhibit a synergistic 
effect where the best features of the pure oxides combine to improve the capacitive 
performance with a widened potential window, superior conductivity, more active sites 
and improved stability [74]. BTMO electrode materials for supercapacitors have been 
reported in the literature particularly those that use a combinations of Ni, Mo, and Co. 
For example, NiMoO4 nanoparticles were synthesised by Jinlong et al. [97] and testing 
in a 3 electrode system revealed a high specific capacitance of 367 F.g-1 at a current 
density of 5 A.g-1. Guo et al. [98] reported that synthesised NiMoO4 nanowires on a 
carbon support with a capacitance of 951 F.g-1 at a current density of 3 mA.cm-2 when 
using a three electrode system. Chen et al. [99] revealed that a NiCo2O4 hybrid electrode 
delivers an enhanced specific capacitance of 658 F.g-1 at 1 A.g-1. And Liu et al. [3] 
reported that mesoporous NiCo2O4 nano-needles grown on three-dimensional graphene 
networks exhibited a high specific discharge capacity as well as superior cycling of up 
to 2000 cycles when used for a supercapacitor application. This hybrid device delivers a 
high specific capacitance of 970 F.g-1 at a high current density of 20 A.g-1. 
Veerasubramani et al. [100] showed that an asymmetric supercapacitor fabricated using 
CoMoO4 nanostructures as the positive electrode, reduced graphene oxide nanosheets as 
the negative electrode material and 1.0 M sodium hydroxide used as the electrolyte 
could achieve a specific capacitance of 26.16 F.g-1 and an energy density of 8.17 Whkg-
1 when constantly discharged at a current density of 0.5 mA.cm-2 and an operational 
voltage of 1.5 V. Ramkumar et al. [101] revealed that CoMoO4 with chitosan exhibiting 
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a specific capacitance of 81 F.g-1 when used as a device at 3 A.g-1. The energy density 
of 25 Whkg-1, a significant improvement on material produced without the chitosan 
addition. 
 
In recent years, a common theme in the literature on the development of BTMO 
materials for electrochemical energy storage has been a focus on reporting novel nano-
structures. Authors have often suggested that the main reason behind the sustained 
exploration of these novel structures is to increase the surface area of the BTMO 
material in efforts to improve electrochemical performance. Nano sized structures lead 
to more of the bulk material being available for surface based reactions/interactions 
thereby storing more energy and achieve improved delivery of that stored energy 
[37,76,89-92]. A nanostructure on an essentially 2-D basal surface is not the only option 
to increase access to the bulk of the synthesised material. The materials can be made 
porous in some way to create a 3-D material with appropriate access to the interior of 
the electrode. It is well known that creating a porous structure with a suitable pore size 
distribution to allow the movement of electrolyte ions can significantly improve the 
charge transfer and capacitance of an electrode [73, 93]. That porous structure could be 
introduced by the use of a template onto which the BTMO is synthesised/precipitated. 
 
A template is simply some material that has already some of properties of the final 
material to be produced. Use of a template in the synthesis process could induce a large 
specific surface area which would then increase the electrode/electrolyte contact area, 
improve the electrical conductivity, increase the cycle efficiency and enhance the 
electrochemical performance of electrode materials [94,95]. Polymeric templates that 
could then be removed via calcination or a similar process may well introduce porosity, 
but may also result in a structure that is less prone to the catastrophic failure that can 
occur with the continued charge – discharge process a working supercapacitor would be 
subjected to. Polymeric templates may also be ‘tuned’ to create specific strutures or 
pore sizes.  
 
Porous materials are classified into microporous, mesoporous and macroporous 
materials by their pore size. The pore size and pore shape can be controlled by selecting 
or modifying different structures [102-105]. Mesostructured BTMOs possess attractive 
advantages, such as high surface areas, tuneable pore sizes and morphologies. These 
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features are important for electrochemical materials because the unique structure can 
promote the interface contact between electrode and electrolyte. Furthermore, the 
mesopores allow the liquid electrolyte to easily diffuse into the electrode materials. 
Thus, a mesoporous structure is very attractive in applications for catalysis, adsorption, 
sensors, supercapacitors, and lithium-ion batteries. Furthermore, pore size demonstrates 
a clear influence on fatigue life which decreases with increasing in porosity size. Other 
mesoporous BTMOs, such as CoFe2O4 and NiFe2O4, have been successfully prepared 
by a hard-template method with mesoporous silica or carbon [99,106,107] but little to 
no literature is available on the use of flexible, polymeric templates for BTMO 
synthesis. 
 
1.9. Efficient Synthesis of Templated BTMO Materials. 
 
The other feature of the literature on the synthesis and characterisation of BTMO 
materials is the relatively complicated and specialised methodologies that are employed 
to produce these nano-architectures. If one advantage of creating BTMOs from readily 
available precursors, such as Ni, Co, and V, is their cost, it seems counterproductive to 
then have a synthetic method that is expensive and atom inefficient. Hydrothermal and 
solvothermal synthesis protocols are now being utilised to prepare BTMOs. These 
synthetic process appear to present the most promising route for the low-cost production 
of BTMOs in a simple, one-pot synthesis. Solvothermal methods have been utilised to 
produce a number of transition metal compounds with unusual oxidation states and low- 
temperature phases and a wide range of multicomponent oxide materials can be 
synthesized by solvothermal techniques. This type of synthetic method also has several 
advantages over other approaches, such as not involving the use of toxic or harmful 
chemicals, employing relatively mild conditions, high product purity, and formation of 
relatively large crystals for ease of electrode manufacture [76]. 
 
1.10. Study Objectives 
This work has focused on incorporating polymeric templates into the synthesis process 
for the formation of binary transition metal oxides, such as NiMoO4, CoMoO4 and 
NiCo2O4, and assessing if this significantly improves their performance as 
electrochemical supercapacitors. These materials will act as the negative electrode 
materials coupled with activated carbon as the positive electrode material and sodium 
hydroxide (NaOH) as the electrolyte. All of Ni and Co materials mentioned above have 
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good chemical stability, low cost, have access to multiple redox states in aqueous alkali 
electrolytes and, to some extent, have been shown to have enhanced electrochemical 
performance over corresponding single metal oxides [80-88]. A novel BTMO, 
NaNiVO4 will also be explored. 
 
The polymeric templates to be used are examples of a synthetic and a naturally 
occurring polymer. The synthetic pore inducing material that will be used is 
polymethylmethacrylate (PMMA) which is a bio-compatible powder containing only C, 
H, and O [101]. The natural template material will be the inner, protein based eggshell 
membrane. This membrane has the advantage of being environmentally benign, cheap, 
easily available, and already has an interwoven fibrous structure [108]. Eggshell 
membranes are stable in aqueous and alcoholic media and undergo pyrolysis on heating 
[108]. The inner shell membrane will be separated from the outer shell membrane by 
immersing the natural eggshells in dilute nitric acid. 
 
It is anticipated that the combination of a BTMO and a removable polymeric template 
will lead to a porous material with improved electrochemical performance (as seen in an 
improved specific capacitance compared to non-templated materials and an expanded 
operational cell voltage range), and high power and energy density. 
 
A simple and effective synthesis protocol is also required and hydrothermal and 
solvothermal combustion approaches will be tested. These will be followed by calcining 
to remove any residual water, hydrated oxides and template. This allows many 
parameters to be varied in order to provide some understanding of what conditions will 
produce the material with the best electrochemical energy storage. These include 
varying the amount/concentration of BTMO starting materials and template, varying the 
heating temperature/regime in the aqueous synthesis phase and the calcining 
temperature. 
 
Characterization of the synthesised electrode materials will analyse both the physical 
and electrochemical nature of the materials. Physical characterisation will ascertain the 
morphology, composition and electronic structure of the materials using techniques 
such as scanning electron microscopy (SEM), FT-IR, X-Ray diffraction (XRD), and 
Brunauer-Emmett-Teller (BET) surface area analysis. The capacitive performance of all 
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synthesized materials will be evaluated using electrochemical techniques, chiefly cyclic 
voltammetry (CV) and galvanostatic charge/discharge (CD) measurements.  
 
The term “capacitance” is the ability of a body to store an electrical charge. This 
capacitance is constant over a given voltage window and can be used to calculate the 
charge stored and is, essentially, a measure of the amount of electric charge stored for a 
given electric potential [58]: 
 C =  i∆t/∆Vm (2) 
 
Where C is the capacitance of the electro active materials, i is the discharge current 
density (Ag-1), t is discharge time(s), V is the potential (V), and m is the mass of active 
material (g) 
 
The specific objectives of research were to explore the influence of the polymeric 
templates ESM and PMMA on the solvothermal synthesis of NiMoO4 (Chapter 2), 
NiCo2O4 (Chapter 3), CoMoO4 (Chapter 4) and NaNiVO4 (Chapter5) and assess the 
performance of each material potential novel electrode materials for supercapacitor 
applications. 
 
  
34 
 
1.11. References. 
 
1. Moosaviford, S.E.; Shamsi, J; Ayazpour, M. 2D high – ordered nanoporous NiMoO4 
for high performance supercapacitors. Ceramics International. 2015, 41, 1831- 1837. 
 
2. Moosaviford, S.E.; Shamsi,J; Fani, S.; Kadkhodazade, S. 3D ordered nanoporous 
NiMoO4 for high-performance supercapacitors electrode materials. RSC Advances. 
2014, 4, 52555-52561. 
 
3. Ayad, M.Y.; Becherif, M.; Henni, A.; Aboubou, A.; Wack, M.; Laghouche, S. 
Passivity- based control applied to DC hybrid power source using fuel cell and 
supercapacitors. Energy Conversion and Management. 2010, 51, 1468-1475. 
 
4. Ding, R.; Qi, L.; Wang, H. An investigation of spinel NiCo2O4 as anode for Na-ion 
capacitors. Electrochimica Acta. 2013, 114, 726-735. 
 
5. Ralph, J.B.; Winter, M. What are batteries, fuel cells, and supercapacitors? Chemical 
Review. 2004, 104, 4245-4269. 
 
6. Kousksou, T.; Bruel, P.; Jamil, A.; Elrafiki, T.; Zeraouli, Y. Energy storage: 
Applications and challenges. Solar Energy Materials and Solar Cells. 2014, 120, 59-80. 
 
7. Zhang, G.; Xiao, X.; Li, B.; Gu, P.; Xue, H. and Pang, H. Transition metal oxides 
with one-dimensional/one-dimensional-analogue nanostructures for advanced 
supercapacitors. Journal of Materials Chemistry A. 2017, 5, 8155-8186. 
 
8. Ajay, A.; Paravannoor, A.; Joseph, J.; Amruthalakshmi, V.; Anoop, S.; Nair, S.V.; 
Balakrishnan, A. 2D amorphous frameworks of NiMoO4 for supercapacitors: defining 
the role of surface and bulk controlled diffusion processes. Applied Surface Science. 
2015, 326, 39-47. 
 
9. Ayad, M.Y.; Pierfederici, S.; Rael, S.; Davat, B. Voltage regulated hybrid DC 
power source using supercapacitors as energy storage device. Energy Conversion and 
Management. 2007, 48, 2196-2202. 
35 
 
10. Kousksou, T.; Bruel, P.; Jamil, A.; Elrhafiki, T.; Zeraouli, Y. Energy storage: 
applications and challenges. Solar Energy Materials and Solar Cells. 2014, 120, 59-80. 
 
11. Guo, D.; Luo, Y.; Yu, X.; Li, Q.; Wang, T. High performance NiMoO4 nanowires 
supported on carbon cloth as advanced electrodes for symmetric supercapacitors. Nano 
Energy. 2014, 8, 174-182. 
 
12. Daiz-Gonzalez, F.; Sumper,A.; Gomis-Bellmunt, O.; Villafafila-Robles, R. A 
review of energy storage technologies for wind power applications. Renewable and 
Sustainable Energy Reviews. 2012, 16, 2154-2171. 
 
13. Shanmugavani, A. and Selvan, R. K. Microwave assisted reflux synthesis of 
NiCo2O4/NiO composite: Fabrication of high-performance asymmetric 
supercapacitor with Fe2O3, Electrochimica Acta. (2016), 189, 283-294. 
 
14. Wei, G.; Sen, X.; Bo, J.M.; Guo, G.Y.; Jun, W.L. Supercapacitor-battery hybrid 
energy storage devices from an aqueous nitroxide radical active material. Chinese 
Science Bulletin. 2011. 56, 2433-2436. 
 
15. Mo, Y.; Ru, Q.; Song, X.; Hu, S.; Guo, L.; Chen, X. (2015). 3- dimensional porous 
NiCo2O4 nanocomposite as a high-rate capacity anode for lithium-ion batteries. 
Electrochimica Acta. 176, 575-585. 
 
16. Lin, W.; Yu, W.; Hu, Z.; Ouyang, W.; Shao, X.; Li, R.; Yuan, D.S. Superior 
performance asymmetric supercapacitors based on flake-like Co/Al hydrotalcite and 
graphene. Electrochimica Acta. 2014, 143, 331-339. 
 
17. Shi, C.; Zhao, Q.; Heng, L.; Liao,Z.M. Low cost and flexible mesh-based 
supercapacitors for promising large-area flexible/wearable energy storage. Nano 
Energy. 2014, 6, 82-91. 
 
18. Zhang, Y.; Li, L.; Su, H.; Huang, W.; Dong, X. Binary metal oxides: advanced 
energy storage materials in supercapacitors. Journal of Materials Chemistry A. 2015, 3, 
43-59. 
36 
 
19. Cho, J.; Jeong, S.; Kim, Y. Commercial and research battery technologies for 
electrical energy storage applications. Progress in Energy and Combustion Science. 
2015, 48, 84-101. 
 
20. Han, X.; Ji, T.; Zhao, Z.; Zhang, H. Economic evaluation of batteries planning in 
energy storage power stations for load shifting. Renewable Energy. 2015, 78, 643-647. 
 
21. Hou, Y.; Vidu, R.; Stroeve, P. Solar energy storage methods. Industrial and 
Engineering Chemistry Research. 2011, 50, 8954-8964. 
 
22. Staaf, L.G.H.; Lundgren, P.; Enoksson, P. Present and future supercapacitor carbon 
electrode materials for improved energy storage used in intelligent wireless sensor 
systems. Nano Energy. 2014, 9, 128-141. 
 
23. Li, Y.; Li, Y.; Ji, P.; Yang, J. Development of energy storage industry in China: A 
technical and economic point of review. Renewable and Sustainable Energy Reviews. 
2015, 49, 805-812. 
 
24. Liu, Y.; Pang, H.; Guo, J.; Wang, W.; Yan, Z.; Ma, L.; Ma, Y.; Li, G.; Chen, J.; 
Zhang, J.; Zheng, H. Hydrated cobalt nickel molybdate nanorods as effective 
supercapacitor electrode materials. International Journal of Electrochemical Science. 
2013, 8, 2945-2957. 
 
25. Diaz-Gonzales, F.; Sumper, A.; Gomis-Bellmunt, O.; Villafafila-Robles, R. A 
review of energy storage technologies for wind power applications. Renewable and 
Sustainable Energy Reviews. 2012, 16, 2154-2171. 
 
26. Li, F.T.; Ran, J.; Jaroniec, M.; Qiao, S.Z. Solution combustion synthesis of metal 
oxide nanomaterials for energy storage and conversion. Nanoscale. 2015, 7, 17590-
17610. 
 
27. Pires, V.F.; Romo-Cadaval, E.; Vinnikov, D.; Roasto, I.; Martins, J.F. Power 
converter interfaces for electrochemical energy storage systems - A review. Energy 
Conversion and Management. 2014, 86, 453-475. 
37 
 
28. Liu, S.; Wu, J.; Zhou, J.; Fang, G.; Liang, S. Mesoporous NiCo2O4 nanoneedles 
grown on three-dimensional graphene networks as binder-free electrode for high-
performance lithium-ion batteries and supercapacitors. Electrochimica Acta. 2015, 176, 
1-9. 
 
29. Li, Q.; Zheng, S.; Xu, Y.; Xue, H. and Pang, H. Ruthenium based materials as 
electrodes for supercapacitors. Chemical Engineering Journal. 2018, 333, 505-518. 
 
30. Cai, D.; Liu, B.; Wang, D.; Liu, Y.; Wang, L.; Li, H.; Wang, Y.; Wang, C.; Li, Q ; 
Wang, T. Facile hydrothermal synthesis of hierarchical ultrathin mesoporousNiMoO4 
nano sheets for high performance supercapacitors. Electrochimica Acta. 2014, 115, 358-
363. 
 
31. Chen, H.; Jiang, J.; Zhang, L.; Qi, T.; Xia, O.; Wan, H. Facilely synthesized porous 
NiCo2O4 flowerlike nanostructure for high-rate supercapacitors. Journal of Power 
Sources. 2014, 248, 28-36. 
 
32. Hu, B.; Qin, X.; Asiri, A.M.; Alamry, K.A.; Al-Youbi, A.O.; Sun, X. Synthesis of 
porous tubular C/MoS2 nanocomposites and their application as novel electrode material 
for supercapacitors with excellent cycling stability. Electrochimica Acta. 2013, 100, 24-
28. 
 
33. Pu, J.; Wang, J.; Jin, X.; Cui, F.; Sheng, E.; Wang, Z. Porous hexagonal NiCo2O4 
nanoplates as electrode materials for supercapacitors. Electrochimica Acta. 2013, 106, 
226-234. 
 
34. Ding, R.; Qi, L.; Jia, M.; Wang, H. Facile and large-scale chemical synthesis of 
highly porous secondary submicron/micron- sized NiCo2O4 materials for high-
performance aqueous hybrid AC-NiCo2O4 electrochemical capacitors. Electrochimica 
Acta. 2013, 107, 494-502. 
 
35. Goodenough, J.B.; Park, K.S. The Li-ion rechargeable battery: A perspective. 
Journal of American Chemical Society. 2013, 135, 1167-1176. 
 
38 
 
36. Liu, X.M.; Huang, Z.D.; Oh, S.W.; Zhang, B.; Ma, P.C.; Yuen, M.M.F.; Kim, J.K. 
Carbon nanotube (CNT) based composites as electrode material for rechargeable Li-ion 
batteries: A review. Composites Science and Technology. 2012, 72, 121-144. 
 
37. Xu, J.; He, L.; Xu, W.; Tang, H.; Liu, H.; Han, T.; Zhang, C. Facile synthesis of 
porous NiCo2O4 microflowers as high-performance anode materials for advanced 
lithium-ion batteries. Electrochimica Acta. 2014, 145,185-192. 
 
38. Simon, P.; Gogotsi, Y.; Dunn, B. Where do batteries end and supercapacitors begin? 
Science. 2014, 343, 1210-1211. 
 
39. Chen, L.; Gu, X.; Jiang, X.; Wang, N.; Yue, J.; Xu, H.; Yang, J.; Qian, Y. 
Hierarchical vanadium pentoxide microflowers with excellent long-term cyclability at 
high rates for lithium ion batteries. Journal of Power Sources. 2014, 991- 996. 
 
40. Sun, X.; Zhang, X.; Zhang, H.; Xu, N.; Wang, K.; Ma, Y. High performance 
lithium-ion hybrid capacitors with pre-lithiated hard carbon anodes and bifunctional 
cathode electrodes. Journal of Power Sources. 2014, 270, 318-325. 
41.https://cdn1.byjus.com/wp-  
content/uploads/2018/11/chemistry/2018/08/31105707/difference-between-primary-cell-
and-secondary-cell.png. 17/4/2019 
 
42. Manthiram, A.; Fu, Y.; Chung, S.H.; Zu, C.; Su, Y.S. Rechargeable lithium- sulfur 
batteries. Chemical Review. 2014, 114, 11751-11787. 
 
43. Ezeigwe, E.R.; Khiew, P.S.; Siong, C.W.; Tan, M.T.T. Solvothermal synthesis of 
NiCo2O4 nanocomposites on liquid-phase exfoliated graphene as an electrode material 
for electrochemical capacitors, Journal of Alloys and Compounds. 2017, 693, 1133-
1142. 
 
44. Gao, Y.; Wan, Y.; Wei, B.; Xia, Z. Capacitive enhancement mechanisms and design 
principles of high-performance graphene oxide-based all-solid-state supercapacitors. 
Advanced Functional Materials. 2018, 28, 1706721. 
 
39 
 
45. Qiu, Z.; Wang, Y.; Bi, X.; Zhou, T.; Zhou, J.; Zhao, J.; Miao, Z.; Yi, W.; Fu, P. and 
Zhou, S. Biochar-based carbons with hierarchical micro-meso-macro porosity for high 
rate and long cycle life supercapacitors. Journal of Power Sources. 2018, 376, 82-90. 
 
46. Thangavel, R.; Kannan, A.G.; Ponraj, R.; Thangavel, V.; Lim, D.W. and Lee, Y.S. 
High-energy green supercapacitor driven by ionic liquid electrolytes as an ultra-high 
stable next-generation energy storage device. Journal of Power Sources. 2018, 383, 102-
109. 
 
47. https://energyeducation.ca/encyclopedia/Supercapacitor. 17/4/2019 
 
48. Chen, G.Z. Understanding supercapacitors based on nano-hybrid materials with 
interfacial conjugation. Progress in Natural Science: Materials International. 2013, 23, 
245-255. 
 
49. Ma, T.; Yang, H.; Lu, L. Development of hybrid battery-supercapacitor energy 
storage for remote area renewable energy systems. Applied Energy. 2015,153,56-62. 
 
50. Jost, K.; Dion, G.; Gogotsi, Y. Textile energy storage in perspective. Journal of 
Materials Chemistry A. 2014, 2, 10776-10787. 
 
51. Choi, N.S.; Chen, Z.; Freunberger, S.A.; Ji, X.; Sun, Y.K.; Amine, K.; Yushin, G.; 
Nazar, L.F.; Cho, J.; Bruce, P.G. Challenges facing lithium batteries and electrical 
double-layer capacitors. Angewandte Chemie. 2012, 51, 9994-10024. 
 
52. Meller, M.; Menzel, J.; Fic, K.; Gastol, D.; Frackowiak, E. Electrochemical 
capacitors as attractive power sources. Solid State Ionics. 2014, 265, 61-67. 
 
53. Du, H.; Lin, X.; Xu, Z. and Chu, D. Electrical double-layer transistors: a review for 
recent progress. Journal of Materials Science. 2015, 50, 5641-5673. 
 
54. Zhang, Y.; Feng, H.; Wu, X.; Wang, L.; Zhang, A.; Xia, T.; Dong, H.; Li, X.; 
Zhang, L. Progress of electrochemical capacitor electrode materials: A review. 
International Journal of Hydrogen Energy. 2009, 34, 4889-4899. 
40 
 
55. Tiruye, G.A.; Munoz-Torrero, D.; Palma, J.; Anderson, M.; Marcilla, R. All-solid-
state supercapacitors operating at 3.5V by using ionic liquid based polymer electrolytes. 
Journal of Power Sources. 2015, 279, 472-480. 
 
56. Yoon, Y.; Lee, K.; Lee, H. Low-dimensional carbon and MXene-based 
electrochemical capacitor electrodes. Nanotechnology. 2016, 27, 172001. 
 
57. Serwicka (PL-1), E.M. Surface area and porosity, X-ray diffraction and chemical 
analyses. Catalysis Today. 2000, 56, 335-346. 
 
58. Jost, K.; Dion, G.; Gogotsi, Y. Textile energy storage in perspective. Journal of 
Materials Chemistry A. 2014, 2, 10776-10787. 
 
59. Mu, B.; Liu, P.; Wang, A. Synthesis of poly aniline/carbon black hybrid hollow 
microspheres by layer-by-layer assembly used as electrode materials for 
supercapacitors. Electrochimica Acta. 2013, 88, 177-183. 
 
60. Deng, S.; Li, J.W.; Sun, S.; Wang, H.; Liu, J.B.; Yan, H. Synthesis and 
electrochemical properties of Li4Ti5O12 spheres and its application for hybrid 
supercapacitors. Electrochimica Acta. 2014, 146, 37-43. 
 
61. Li, L.; Wu, Z.; Yuan, S.; Zhang, X.Z. Advances and challenges for flexible energy 
storage and conversion devices and systems. Energy and Environmental Science. 2014, 
7, 2101-2122. 
 
62. Tang, P.; Zhao, Y.; Xu, C.; Ni, K. Enhanced energy density of asymmetric 
supercapacitors via optimising negative electrode material and mass ratio of negative 
positive electrodes. Journal of Solid State Electrochemistry. 2013, 17, 1701-1710. 
 
63. Huang, Y.Y.; Lin, L.Y. Synthesis of ternary metal oxides for battery-supercapacitor 
hybrid devices: Influences of metal species on redox reaction and electrical 
conductivity. Applied Energy Materials. 2018, 1, 2979-2990. 
 
41 
 
64. Cho, J.; Kleit, A. Energy storage systems in energy and ancillary markets: A 
backwards induction approach. Applied Energy. 2015, 147, 176-183. 
 
65. Zhi, M.; Xiang, G.; Li, J.; Li, M.; Wu, N. Nanostructured carbon-metal oxide 
composite electrodes for supercapccitors: a review. Nanoscale. 2013, 5, 72-88. 
 
66. Kotz, R.; Carlen, M. Principles and applications of electrochemical capacitors. 
Electrochimica Acta. 2000, 45, 2483-2498. 
 
67. Dong, D; Wu, Y.; Zhang, X.; Yao, J.; Huang, Y.; Li, D.; Li, C.Z. Eggshell 
membrane-template synthesis of highly crystalline perovskite ceramics for solid oxide 
fuel cells. Journal of Materials Chemistry. 2010, 21, 1028-1032. 
 
68. Chen, S.M.; Ramachandran, R.; Mani, V.; Saraswathi, R. Recent advancement in 
electrode materials for the high-performance electrochemical supercapacitors: A review. 
International journal of Electrochemical Science. 2014, 9, 4072-4085. 
 
69. Liu, C.; Li, F.; Ma, L.P.; Cheng, H.M. Advanced materials for energy storage. 
Advanced Materials. 2010, 22, 28-62. 
 
70. Wang, G.; Zhang, L.; Zhang, J. A review of electrode materials for 
electrochemical supercapacitors. Chemical Society Revies. 2012, 41, 797-828. 
 
71. Zhang, T.; Li, D.; Tao, Z.; Chen, J. Understanding electrode materials of 
rechargeable lithium batteries via DFT calculations. Progress in Natural Science: 
Materials International. 2013, 23(3), 256-272. 
 
72. Qin, W.; Jian-Ling, L.; Fei, G.; Wen-Sheng, L.; Ke-Zhong, W.; Xin- Dong, W. 
Activated carbon coated with polyaniline as an electrode material in supercapacitors. 
New Carbon Materials. 2008, 23, 275-280. 
 
73. Li, H.; Zhang, X.; Ding, R.; Qi, L.; Wang, H. Facile synthesis of mesoporous MnO2 
microspheres for high performance AC//MnO2 aqueous hybrid supercapacitors. 
Electrochimica Acta. 2013, 108, 497-505. 
42 
 
74. Liu, H.; Xu, B.; Jia, M.; Zhang, M.; Cao, B.; Zhao, X.; Wang, Y. Polyaniline 
nanofiber/large mesoporous carbon composites as electrode materials for 
supercapacitors. Applied Surface Science. 2015, 332, 40-46. 
 
75. Pires, V.F.; Cadaval, E.R.; Vinnikov, D.; Roasto, I.; Martins, J.F. Power converter 
interfaces for electrochemical energy storage system- A review. Energy Conversion and 
Management. 2014, 86,453-475. 
 
76. Zhao, C.; Cao, J.; Yang, Y.; Chen, W.; Li, J. Facile synthesis of hierarchical 
porous VOX and carbon composites for supercapacitors. Journal of Colloid and 
Interface Science. 2014, 427, 73-79. 
 
77. Li, S.; Wang, C.A. Design and synthesis of hierarchically porous MnO2/carbon 
hybrids for high performance electrochemical capacitors. Journal of Colloid and 
Interface Science. 2015, 438, 61-67. 
 
78. Liu, B.; Zheng, S.; Wang, S.; Zhang, Y.; Ortega, A.; Kim, N.S.; Han, K.; Du, H. 
The redox behaviour of vanadium in alkaline solution by cyclic voltammetry method. 
Electrochimica Acta. 2012, 76, 262-269. 
 
79. Staaf, L. G.H.; Lundgren, P.; Enoksson, P. Present and future supercapacitor carbon 
electrode materials for improved energy storage used in intelligent wireless sensor 
systems. Nano Energy. 2014, 9, 128-141. 
80. Geng, X.; Ai, Y.; Shen, G. Facile construction of novel CoMoO4 
microplates@CoMoO4 microprisms structures for well-stable supercapacitors. 
Progress in Natural Science: Materials International. 2016, 26, 243-252. 
 
81. Barmi, M.J. Minakshi, M. Tuning the redox properties of the nanostructured 
CoMoO4 electrode: Effects of surfactant content and synthesis temperature. Chem 
Plus Chem. 2016, 81, 964-977. 
 
82. Yang, Q.; Lin, S.Y. Rationally designed nanosheet-based CoMoO4-NiMoO4 
nanotubes for high-performance electrochemical electrodes. RSC Advances. 2016, 6, 
10520. 
43 
 
83. Tian, Y.; Zhou, M.; Meng, X.; Miao, Y.; Zhang, D. Needle-like C─Mo─O with 
multi-modal porosity for pseudocapacitors. Materials Chemistry and Physics. 2017, 
198, 258-265. 
 
84. Xu, X.; Shen, J.; Li, N.; Ye, M. Microwave-assisted synthesis of graphene/CoMoO4 
nanocomposites with enhanced supercapacitor performance. Journal of Alloys and 
Compounds. 2014, 616, 58-65. 
 
85. Zhang, D.; Zhang, R.; Xu, C.; Fan, Y.; Yuan, B. Microwave-assisted solvothermal 
synthesis of nickel molybdate nanosheets as a potential catalytic platform for NADH 
and ethanol sensing. Sensors and Actuators B: Chemical. 2015, 206, 1-7. 
 
86. Liu, P.; Deng, Y.; Zhang, Q.; Hu, Z.; Xu, Z.; Liu, Y.; Yao, M.; Ai, Z. Facile 
synthesis and characterization of high- performance NiMoO4.xH2O nanorods electrode 
material for supercapacitors. Ionics. 2015, 21, 2797-2804. 
 
87. Kianpour, S.; Niasari, M.S.; Emadi, H. Sonochemical synthesis and characterization 
of NiMoO4 nanorods. Ultrasonics Sonochemistry. 2013, 20, 418-424. 
 
88. Senthilkumar, B.; Meyrick, D.; Lee, Y. S. and Selvan, R. K. Synthesis and improved 
electrochemical performances of nano β-NiMoO4-CoMoO4.xH2O composites for 
asymmetric supercapacitors. RSC Advances. 2013, 3, 16542-16548. 
 
89. Xu, H.; Tang, D.; Zhao, J.; Li, S. A precise measurement method for shale porosity 
with low-field nuclear magnetic resonance: A case study of the Carboniferous- Permian 
strata in the Linxing, eastern Ordos Basin, China. Fuel. 2015, 143, 47-54. 
 
90. Zhao, C.; Cao, J.; Yang, Y. Chen, W.; Li, J. Facile synthesis of hierarchical porous 
VOx@carbon composites for supercapacitors. Journal of Colloid and Interface Science. 
2014, 427, 73-79. 
 
91. Liu, X.; Jiang, Y.; Zhang, H.; Yu, L.; Kang, J.; He, Y. Porous Ti3SiC2 fabricated by 
mixed elemental powders reactive synthesis. Journal of European Ceramic Society. 
2015, 35, 1349-1353. 
44 
 
92. Balaz, M. Eggshell membrane biomaterial as a platform for applications in 
materials science. Acta Biomaterial. 2014, 10, 3827-3843. 
 
93. Inamdar, A.I.; Kim, Y.S.; Pawar, S.M.; Kim, J.H.; Im, H.; Kim, H. Chemically 
grown, porous, nickel oxide thin-film for electrochemical supercapacitors. Journal of 
Power Sources. 2011, 196, 2393-2397. 
 
94. Heyn, R.H.; Jacobs, I.; Carr, R.H. Chapter Three - Synthesis of aromatic carbamates 
from CO2: Implications for the polyurethane industry. Advances in Inorganic 
Chemistry. 2014, 66, 83-115. 
 
95. Varma, A.; Mukasyan, A.S.; Rogachev, A.S.; Manukyan, L.V. Solution combustion 
synthesis of nanoscale materials. Chemical Reviews. 2016, 116, 14493-14586. 
 
96. He, P.; Chen, B.; Wang, Y.; Xie, Z.; Dong, F. Preparation and characterization of 
novel organophilic vermiculite/poly (methylmethacrylate)/1-butyl-3-methylimidazolium 
hexafluorophosphate composite gel polymer electrolyte. Electrochemica Acta. 2013, 
111, 108-113. 
 
97. Jinlong, L.; Meng, Y.; Tongxiang, L. Enhanced performance of NiMoO4 
nanoparticles and quantum dots and reduced nanohole graphene oxide hybrid for 
supercapacitor applications. Applied Surface Science. 2017, 419, 624-630. 
 
98. Guo, D.; Luo, Y.; Yu, X.; Li, Q.; Wang, T. High performance NiMoO4 nanowires 
supported on carbon cloth as advanced electrode for symmetric supercapacitors. Nano 
Energy. 2014, 8, 174-182. 
 
99. Chen, H.; Jiang, J.; Zhang, L.; Qi, T.; Xia, D.; Wan, H. Facilely synthesized porous 
NiCo2O4 flowerlike nanostructure for high-rate supercapacitors. Journal of Power 
Sources. 2014, 248, 28-36. 
 
100. Veerasubramani, G.K.; Krishnamoorthy, K.; Kim, S.J. Electrochemical 
performance of an asymmetric supercapacitor based on graphene and cobalt molybdate 
electrodes. RSC Advances. 2015, 5, 16319-16327. 
45 
 
101. Ramkumar, R. and Minakshi, M. Fabrication of ultrathin CoMoO4 nanosheets 
modified with chitosan and their improved performance in energy storage device. 
Dalton Transactions. 2015, 44, 6158-6168. 
 
102. Perera, S.D.; Liyanage, A.D.; Nijem, N.; Ferraris, J.P.; Chabal, Y.J.; Balkus, K.J. 
Vanadium oxide nanowire- grapheme binder free nanocomposite paper electrodes for 
supercapacitors: A facile green approach. Journal of Power Sources. 2013, 230, 130-
137. 
 
103. Jin, H.; Wang, X.; Shen, Y.; Gu, Z. A high- performance carbon derived from corn 
stover via microwave and slow pyrolysis for supercapacitors. Journal of Analytical and 
Applied Pyrolysis. 2014, 110, 18-23. 
 
104. Chen, G.Z. Understanding supercapacitors based on nano-hybrid materials with 
interfacial conjugation. Progress in Natural Science: Materials International. 2013, 23, 
245-255. 
 
105. Jost, K.; Dion, G.; Gogotsi, Y. Textile energy storage in perspective. Journal of 
Materials Chemistry A. 2014, 2, 10776-10787. 
 
106. Jiay, J.; Tan, G.; Peng, S.; Qian, D.; Liu, J.; Luo, D.; Liu, Y. Electrochemical 
performance of carbon- coated Li3V2(PO4) as a cathode material for asymmetric hybrid 
capacitors. Electrochimica Acta. 2013, 107, 59-65. 
 
107. Sankar, K.V.; Selvan, R.K. The ternary MnFe2O4/graphene/polyaniline hybrid 
composite as negative electrode for supercapacitors. Journal of Power Sources. 2015, 
275, 399-407. 
 
108. Gokhale, R.; Aravindan, V.; Yadav, P.; Jain, S.; Phase, D.; Madhavi, S.; Ogale, S. 
Oligomer-salt derived 3D, heavily nitrogen doped, porous carbon for Li-ion hybrid 
electrochemical capacitors application. Carbon. 2014, 80, 462-471. 
  
46 
 
Chapter 2 
Effect of Polymeric Templates on the Electrochemical Performance of NiMoO4 
Supercapacitor Electrodes 
 
Sections of this chapter have been published in Albohani, S.; Sundaram, M. M.; Laird, 
D. W. Egg shell membrane template stabilises formation of β-NiMoO4 nanowires and 
enhances hybrid supercapacitor behaviour. Materials Letters, 2019, 236, 64-68. 
 
2.1. Introduction 
Binary transition metal oxides (BTMOs) have been investigated as promising materials 
to improve supercapacitor performance due to their rich, accessible electroactive sites, 
fast-electron transport access, easy diffusion of the electrolyte and fascinating 
synergistic properties which are attributed to their multiple oxidation states and high 
electrical conductivity [1,2]. The combination of these parameters leads to materials that 
can deliver high capacitance, long cycle life and rate performance at levels significantly 
higher than single component metal oxides.  
 
Of the various BTMOs investigated to date, metal molybdates have shown high 
electrical conductivity and high electrochemical activity. NiMoO4 has attracted much 
attention as an electrode material for supercapacitors due to its potential application in 
energy storage devices, higher electrical conductivity compared to that of nickel oxide 
(NiO), its high redox reactivity due to the presence of multiple oxidation states, 
environmental friendliness, relative abundance, low cost, chemical stability, and 
enhanced electrochemical performance [3-8]. NiMoO4 has two forms; α-NiMoO4 and β-
NiMoO4 which differ with respect to the coordination state of the Mo cation (Figure 
2.1). The alpha version of NiMoO4 is stable at room temperature with the molybdenum 
ions coordinated with the oxygen atoms to form a pseudo-octahedral symmetry. The 
beta form is observed at high temperature and the molybdenum ions coordinate with the 
oxygen atoms to form a pseudo-tetrahedral symmetry [9,10].  
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Figure 2.1 Alpha and Beta forms of NiMoO4 [11]. 
 
Porosity plays a significant role in the electrochemical performance of supercapacitors. 
It can remove the internal stress that is created during charging and discharging 
processes, achieve a high capacitance, protect the electrode from physical damage and 
result in rapid ion transfer rate of electrolytes in electrodes. A porous structure is 
considered as the best choice to support high performance cathode materials for 
supercapacitors as it improves ion transport through the bulk material and increases the 
area available for surface interactions leading to an improvement in energy storage and 
overall performance. As such, porous materials have attracted much attention in the 
electrochemical storage area over recent years due to their properties such as high 
specific surface area, low density, high conductivity and high chemical stability. 
Successful synthesis of porous materials using templates is dependent upon three main 
factors; interactions between templates and precursors, ability of precursors to cross-
link and different thermal stability between precursors and templates [12-15]. Two 
templates for pore formation have been used in this work: naturally occurring eggshell 
membrane (ESM) and synthetically produced polymethylmethacrylate (PMMA).  
 
ESM, which was obtained from natural eggs, was used as a template due to its high 
stability and high specific surface area with metal ion sorption capacity. Two forms of 
ESM exist: the outer shell membrane and inner shell membrane. The latter is used in 
this work and was separated from the outer shell membrane by immersing the natural 
eggshells in dilute nitric acid [16]. The resulting membrane consists of interwoven and 
coalescing shell membrane fibres ranging in diameter from 0.5 to 1 µm, with a pore size 
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of 1-3 µm [17]. The main chemical components of ESM are amino acids resulting in 
many amines, hydroxyl and aldehydic functional groups being available for interaction 
with metal ions. The ESM membrane has a high specific surface area and a known 
metal ion sorption capacity [18,19] making it an ideal candidate as a precursor for a 
macro-porous metal oxide material. ESM was also selected as a template material as it 
is environmentally benign, cheap, and is readily available. Using a waste based bio-
template is a unique approach to electrode material synthesis and has the potential to 
produce a high value product from a current waste stream. ESM is insoluble, but stable, 
in aqueous and alcoholic media. However, it is relatively easy to remove from the final 
material as it will undergo pyrolysis upon heating. 
 
Previous research on using ESM has focused on the fact that it is a natural, rather than 
synthetic material. ESM has been used as a template to synthesise hierarchically ordered 
network membranes comprised of crystalline ZrO2 tubes [20] and as a unique platform 
capable of generating fluorescent silver and gold nanoclusters [21]. Yu, et al. [22] have 
used the outer eggshell membrane as a separator in a supercapacitor due to its good 
stability in aqueous and alcoholic media, non-toxicity and low-cost properties. ESM has 
also been used as a bio-template to study the micro structural evolution and optical 
properties of TiO2 powder for application in dye sensitized solar cells (DSSCs) [23]. 
Dong et al. [16] have used ESM (thin layer) as a template in the synthesis of highly 
crystalline perovskite ceramics which used as a cathode material of solid fuel cells 
(SOFC). The cathode properties were compared with the ceramic synthesized without 
ESM and the maximum power density of the cell made with the ESM was 44.5% higher 
than that made without ESM [16].However, no instances of the application of ESM as a 
template to improve the porosity of electrode materials for supercapacitors has been 
published.  
 
Given the unique properties of ESM and that it has been shown that the material can be 
incorporated into the synthesis of inorganic materials for a range of applications that 
require specific structural motifs, it is perhaps surprising that no-one has yet attempted 
to utilise this material as a template in new generation electrode materials for 
supercapacitors. The ESM has the potential to produce unique material structures and 
architectures that should improve performance over non-templated materials. 
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In order to provide a contrast to the natural, fibrous ESM template, a more 
structured polymer was also investigated. Polymethylmethacrylate (PMMA) is a 
man-made polymeric material that has some advantages such as flexibility, 
modularity, reliability and shape versatility. PMMA is considered a typical 
amorphous polymer and is readily available as it is an important component in 
the production of plastic optical fibres and optical lenses [24]. PMMA has 
previously been used to synthesise porous carbon materials that have high 
specific surface area, large pore volume, tuneable pore size, low density, high 
conductivity and high chemical stability [25]. It has also been used as a gel 
polymer electrolyte in solid state devices such as supercapacitors, lithium 
rechargeable batteries, and dye-sensitized solar cells. Due to its flexibility, 
modularity, reliability and shape versatility [26] PMMA has been used to prepare 
micro or macro heterogeneous polymer films by the solution casting method [27]. 
It is utilised here as a more structurally regular polymer template when compared 
to ESM. 
 
2.2. Experimental 
2.2.1. Eggshell Membrane (ESM) and Poly Methyl Methacrylate 
(PMMA)Templates. 
ESM template was derived from chicken eggs. The CaCO3 shell was removed by 
soaking in 1 M HNO3 (Ajax Finechem 70%) solution for 10 minutes, and the inner 
ESM was then washed with deionized water and dried in an oven at 95 °C for 2 hours. 
The PMMA was commercially supplied (TCI) as a white powder with a molecular 
formula (C5O2H8) n, purity 70%, and molecular weight of 350000 g.mole-1 and used as 
received. 
 
2.2.2. Synthesis of Electrode Materials. 
2.2.2.1. Polymer Templated NiMoO4. 
All non-template chemicals were obtained from Sigma-Aldrich. NiMoO4 was 
synthesized by a solution combustion synthesis technique [28]. Briefly, 2.907 g of 
Ni(NO3)2.6H2O, 1.235 g of (NH4)6Mo7O24.4H2O and 0.60 g of urea CO(NH2)2 were 
mixed in 35 ml of deionized water under constant magnetic stirring for 5 hours. The 
template (either ESM or PMMA) was then added to the above solution in either 1, 1.5 
50 
 
or 2.5 g (those weights are chosen to examine the influence of eggshell as a template in 
the microstructure of NiMoO4) and stirred for 12 hours to produce a homogenous 
solution. The pH was adjusted to ≈8 using aqueous NH3 and the resulting solution was 
evaporated on a hot plate at ≈200 °C until a precipitate was formed ( ̴ 30 minutes). The 
precipitated product was then calcined in a furnace at 400 °C for 3 hours. 
 
A NiMoO4 “blank” was prepared using the above procedure without addition of ESM or 
PMMA. 
 
2.2.2.2. Material Characterization and Analysis Methods. 
Powder X-Ray Diffraction (XRD) measurements were performed with a GBC 
Enhanced Multi-Material Analyser (EMMA). Samples were run with multi-scan (5 
times) run with 2θ =10-80°.  
The surface morphology of samples was investigated by scanning electron microscopy 
(SEM) using a Zeiss Neon 40EsB FIBSEM with Energy Dispersive X-ray analyser.   
Fourier Transform Infrared spectroscopy (FT-IR) was employed to analyse the surface 
functional groups using Perkin Elmer Frontier 400 Spectrometer equipped universal 
ATR sampling accessory on diamond crystal. 
The porosity and surface area of the NiMoO4 samples were investigated by BET and 
BJH techniques using a Micromeritics Tri Star II Surface Area and Porosity Analyser. 
 
2.2.2.3. Electrode Preparation and Electrochemical Characterization.   
To conduct electrochemical measurements, an active electrode was prepared by mixing 
active material, NiMoO4 with and without template, carbon black and polyvinylidene 
fluoride (PVDF) in a 75:15:10 wt.% ratio. All ingredients were mixed in N-methyl-2-
pyrrolidone (NMP, 250 µL) to make a slurry which was coated on a small piece of 
graphite sheet with area of coating = 1 cm2. This was then dried on a hot plate at 50 °C 
for 5 minutes before electrochemical testing. 
 
The electrochemical behaviour of NiMoO4 materials was investigated by cyclic 
voltammetry using a Princeton Applied Research Versa STAT 3 and galvanostatic 
charge-discharge techniques by using a Battery Analyser (MTI corp, USA) operated by 
a battery testing system (BTS). Electrochemical behaviour of the molybdate was 
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investigated by using a three-electrode cell with 2 M NaOH as electrolyte and Pt wire 
and Hg/HgO (necessary due to the alkaline solution) as the counter and reference 
electrodes, respectively. Measurements were made over a potential range from -0.1 - 
0.75 V, with 1 mA current and scan rates of 2, 5, 10, 20 and 30 mV.s-1 (this range of 
slow scan rate was chosen in order to see the diffusion of ions in the electrode). Varying 
the scan rate results in a detailed picture of the kinetic behaviour in the cell. 
 
The specific capacitance (C) and energy density (E) were calculated from galvanostatic 
charge-discharge curves using the following equations [2]: 
𝐶𝐶 = 𝐼𝐼𝐼𝐼
𝑚𝑚∆𝑉𝑉
  
𝐸𝐸 = 𝐼𝐼∆𝐼𝐼∆𝑉𝑉/2𝑚𝑚  
 
where I is the constant discharge current (A), t is the discharge time (s), m is mass of the 
electroactive material (g) and ∆V is the change in potential voltage (V).  
 
2.3. Results and Discussion 
2.3.1. Material Characterization 
The crystal structure and purity of the synthesised NiMoO4 materials (blank, ESM 
templated and PMMA templated) were investigated using X-Ray Diffraction (XRD). In 
the present work, the beta version of NiMoO4 was synthesised when using ESM and 
PMMA as templates. The two templates produce different morphologies for the final 
material with the β-NiMoO4-ESM material produced consisting of nano-fibres. 
 
The XRD peaks for both non-templated and templated NiMoO4 (Figure 2.2) are in good 
agreement with the standard pattern for β-NiMoO4 (JCPDS card no. 12-0348). The 
narrow diffraction peaks indicate a regular crystalline structure for the blank NiMoO4 
sample. NiMoO4 samples with 1, 1.5, 2.5 g of template showed no distinct changes in 
peak positions, which indicates that the samples were successfully synthesised. The 
intensity and width of peaks is different in the templated materials due to a reduction in 
the crystalline nature of the bulk material. This is attributed to an increase in the 
porosity of the material with added template, likely due to the flexibility and interwoven 
nature of ESM, but the pattern is still consistent with that of β-NiMoO4 [9,29].  
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The PMMA templated NiMoO4 shows low intensity peaks at 2θ ≈13.8°, 30° and 43° as 
shown in Figure 2.2b. These broad peaks appeared as a result of the poor crystallinity of 
the material, suggesting an increase in the mesoporous nature of the material. This may 
serve to increase conductivity through providing short transport and diffusion paths for 
both ions and electrons and could provide more electroactive sites for ions [24]. 
 
 
 
 
 
 
 
 
                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 XRD patterns of NiMoO4 (a) with ESM, (b) with PMMA. 
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The elemental analysis of NiMoO4 samples was investigated using Energy Dispersive 
Xray- (EDX) spectroscopy (Table 2.1). Results revealed that the prepared samples 
consisted of Ni, Mo, O, N and S on the surface of the synthesised material. The actual 
molar ratio of Ni and Mo obtained from EDS is close to 1, consistent with the expected 
stoichiometric composition and further confirms the formation of NiMoO4. The 
detected carbon is an artefact from the black tape that was used to hold the sample in the 
sample holder of the SEM-EDX instrument. The small amounts of N and S have most 
likely originated from the proteinaceous nature of the eggshell membrane. The inner 
membrane of eggshells is known to contain sulphur containing amino acids. 
 
Table 2.1 Surface composition of NiMoO4 materials. 
 
Template Amount added 
(g) 
Mol% 
N S Ni Mo O 
None    17.96 17.88 61.95 
ESM 1 2.23 2.55 15.76 16.64 60.92 
ESM 1.5 2.69 2.82 16.14 15.73 60.77 
ESM 2.5 2.50 2.36 16.73 16.85 59.77 
PMMA 1   17.94 17.86 60.35 
PMMA 1.5   17.89 17.25 61.90 
PMMA 2.5   17.92 16.99 60.95 
 
Changes in the morphology of the NiMoO4, ESM-NiMoO4 and PMMA-NiMoO4 were 
investigated using Scanning Electron Microscopy (SEM) as shown in Figure 2.3. The 
crystallites of the non-templated β-NiMoO4, material (Figure 2.3a) are rectangular in 
nature and no aggregated particles can be observed. As the amount of ESM template is 
increased from 1 to 2.5 g, the material becomes more porous. A closer look reveals a 
random assembly of some primary nanorods aggregated to form a bundle of NiMoO4. 
The images of the NiMoO4 templated with ESM clearly show the nanoroad-like 
structure becoming more prominent as the amount of added ESM template increases. 
The particle dimensions are 0.7, 0.8 and 3.9 µm in length and 0.1, 0.25 and 0.3 µm in 
diameter for the additions of 1, 1.5 and 2.5 g ESM, respectively (Figure 2.3b, c, d). The 
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increasing length of the particles results in a fibrous, open weave morphology for the 
material templated with 2.5 g of ESM, perhaps resembling the fibrous structure of ESM 
template itself. 
 
 
Figure 2.3 SEM images of NiMoO4 samples (a) blank NiMoO4 (b) 1 g ESM (c)1.5 g 
ESM (d) 2.5 g ESM and (e) 1 g PMMA. 
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A porous PMMA-β-NiMoO4 composite was obtained when 1 g of PMMA was used as 
templating material (Figure 2.3e). The particles are 1.3 µm in length and 0.1 µm in 
diameter. This PMMA-β-NiMoO4 had the best electrochemical performance for any of 
the PMMA templated materials. 
  
The two different templates obviously produce two distinct morphologies. This is most 
likely because the PMMA is a highly cross-linked polymer and, as such, cannot be 
arranged into the long, fibrous particles seen when using ESM as a template.  
 
FT-IR spectra of the NiMoO4 samples (blank, ESM template and PMMA template) are 
shown in Figure 2.4. The β-NiMoO4 is characterized by bands at 931.8 and 950.5 cm-1 
that distinguish the four-coordinate molybdenum in the β-NiMoO4 phase [9,25]. FT-IR 
of the ESM templated NiMoO4 is shown in Figure 2.4a into the region below 1700 cm-1 
[18,19].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 FT-IR patterns of NiMoO4 (a) with ESM, (b) with PMMA.   
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The PMMA templated NiMoO4 (Figure 2.4b) has IR peaks at 1731, 1448, 1437, 1149 
and 1192 cm-1, the peak at 1617 cm-1 for NiMoO4 with 1 g PMMA is assigned to the 
carbonyl group which is shown clearly with increasing addition of PMMA [26,30,31]. 
 
To study the specific surface area and pore structure of the electrode materials, N2 
adsorption/desorption isotherms and pore size distributions were obtained by the 
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods and are 
summarised in Figure 2.5 and Table 2.2. The templated samples possess a higher 
surface area compared to non-templated material. This is a result of the presence of the 
templates during the synthesis controlling the particle size and surface area [32]. In fact, 
the largest surface area reported, for the 2.5 g ESM-NiMoO4, is 5 times greater than 
that reported by Fan et al. [33] of 8.7 m2.g-1 for bulk mesoporous NiMoO4 synthesised 
via a vacuum nanocasting method. The N2 adsorption/desorption isotherms of ESM-
NiMoO4 and PMMA-NiMoO4 are similar in shape and indicate the existence of a 
mesoporous structure in these two electrode materials. The data indicates that the 
percentage of mesoporous pores is higher for the templated samples. The mesoporous 
nature of the materials should make the ion diffusion pathway shorter for an 
intercalation reaction to occur reversibly and should result in enhanced 
pseudocapacitance for the templated materials.   
 
Although both polymeric templates increase the surface area of the material, and the 
maximum specific surface area and pore volume for both is similar, a different amount 
of template is required in each case. In the ESM-NiMoO4, pore size and surface area 
increase as the amount of template added is increased, achieving a maximum at 2.5 g 
ESM added. The opposite trend is observed when PMMA is used as the templating 
material. There is also a difference in the distribution of pore volume with the ESM-
NiMoO4 showing a wider range of poor volumes (15-50 nm) compared to the PMMA-
NiMoO4, which is 25-50 nm. 
 
The essential difference between the two polymer templates is that the ESM contains 
chelating functional groups in the proteinaceous fibres and it has a more fibrous nature 
than the PMMA. It appears that these characteristics have resulted in particles 
that are much more elongated than the equivalent PMMA-NiMoO4 material. It is 
possible that the accessibility to the interior of the bulk material is enhanced by 
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this more fibrous network [19,34]. The crystal/particle shape may have some effect on 
electrochemical performance, for example providing rapid ion diffusion pathways 
and/or a more efficient electrode/electrolyte interface [35].  
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Figure 2.5 BET and BJH plots of blank NiMoO4, 2.5 g ESM and 1 g PMMA 
templated.  
 
2.3.2. Electrochemical Characterization 
Non-templated β-NiMoO4, ESM-NiMoO4 and PMMA-NiMoO4 have been 
investigated as promising electrode materials. Figure 2.6 displays the CV curves 
of β-NiMoO4, ESM-NiMoO4 and PMMA-NiMoO4 plots at 10 mV.s-1. Most of 
the CV curves have a pair of redox peaks within the voltage range of -0.1-0.75 V, 
indicating that the energy storage of the composite has contributions from 
faradaic behaviours based on the oxidation of Ni+2↔Ni+3+e-. In addition, the 
potential of the anodic peaks increases, and the potential peaks decrease due to 
the reducing diffusion of ions and irreversible reactions of the electrode when the 
scan rate is 10 mV.s-1. Remarkably, the integrated area of the CV curves for the 
ESM-NiMoO4 samples are larger than that of PMMA-NiMoO4, indicating a 
higher specific capacity for the former and substantial improvement in the 
comprehensive electrochemical capacitance.  
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Figure 2.6 CV curves of NiMoO4 (a) with ESM, (b) with PMMA. 
 
This effect is clearly identified by increasing the amount of added ESM due to the 
fibrous nature of the ESM increasing porosity, improving surface area and 
accessibility to the interior of the bulk material. However, PMMA-NiMoO4 
samples display an asymmetric CV curves, indicating that these electrode 
materials have some irreversibility of the redox process [24,33,36]. It is clearly 
seen that current density increases with the increasing addition of ESM. At 2.5 g 
ESM-NiMoO4 the current is larger than for the non-templated material. This is 
due to the presence of surface redox reactions similar to that seen in a battery 
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type material. The shapes of the CV curves for 1.5 g ESM and 1.5 g PMMA 
templated NiMoO4 are indicating the ideal capacitive behaviours of the obtained 
samples [37]. 
 
Galvanostatic charge/discharge behaviours of the β-NiMoO4, ESM-NiMoO4 and 
PMMA-NiMoO4 materials are presented in Figure 2.7. The charging/discharging time 
of the ESM-NiMoO4 samples is much longer than that of the non-templated NiMoO4 
(Figure 2.7a). These curves exhibit symmetrical and nearly linear characteristics. The 
nature of these charge/discharge curves is reflected by the reversible redox reactions and 
the superior storage capacity of these supercapacitor materials [38]. The electrode 
exhibits typical faradaic capacitance behaviour due to using ESM [24,26]. These results 
demonstrate the advantages of the ESM template material for capacitance improvement 
of β-NiMoO4, which has better conductivity than NiMoO4. The PMMA-β-NiMoO4 also 
has enhanced capacitance when compared to the non-templated material (Figure 2.7b, 
Table 2.2) This suggests that using polymeric templates to increase porosity improves 
supercapacitor performance but there must still be some additional effect, possibly 
associated with particle shape, in order to explain the superior performance of the ESM 
templated material. 
 
Table 2.2 Specific capacitance, specific surface area and pore volume of the 
NiMoO4 samples. 
Template Amount added 
(g) 
Specific capacitance 
(F.g-1) 
Surface area 
(m2.g-1) 
Pore size 
(10-3 cm3.g-1) 
None  44.13 14.62 4.40 
ESM 1 103.51 15.88 4.88 
ESM 1.5 150.25 17.25 5.51 
ESM 2.5 259.04 46.34 28.18 
PMMA 1 55.29 43.64 21.95 
PMMA 1.5 31.74 41.55 10.92 
PMMA 2.5 16.87 26.23 20.33 
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The specific capacitance of the ESM-NiMoO4 produced compares favourably with 
reports of similar compounds in the literature. Ghosh et al. [39] reported a maximum 
specific capacitance for NiMoO4.H2O nanorods of 161 F.g-1 and energy density of 4.53 
Whkg-1 at a current density of 5 A.g-1. Templating NiMoO4 on to graphene to achieve a 
‘1D-NiMoO4-graphene composite’ increased the capacitance to 367 F.g-1 because of the 
higher surface area of the templated β-NiMoO4. Senthilkumar et al. [28] reported that 
the synthesis of NiMoO4.xH2O nanorods by a hydrothermal method and when tested as 
a positive electrode in an asymmetric supercapacitor the material delivered a 
capacitance of 81 F.g-1 at a current density of 1 mA.cm-2.  
Figure 2.7 CD curves of NiMoO4 (a) with ESM, (b) with PMMA. 
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Using ESM as a template results in excellent electrochemical characteristics even 
though manufacture of the electrode using the traditional binder-enriched slurry coating 
method is known to reduce electrode performance. That reduction in performance as 
current increases occurs due to saturation arising from the limited free path, effectively 
blocking the free movement of ions/electrons [40]. As shown in Figure 2.8, this typical 
decrease in the specific capacitance begins to asymptote at ~ 180 F.g-1, a capacitance 
that still compares well with those reported in the literature. Therefore, it can be 
indicated that β-NiMoO4 can be used as an efficient and high-performance 
supercapacitor electrode materials. 
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Figure 2.8 specific capacitance plot for NiMoO4 with ESM electrode at various 
current densities. 
 
 
A similar assessment for the specific capacitance vs current density was not performed 
on the PMMA-NiMoO4 material as the absolute specific capacitances for that material 
were significantly lower than the lowest specific capacitance value for the ESM 
templated NiMoO4. 
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2.4. Activated Carbon 
2.4.1. Physical characterization of Activated Carbon 
The X-ray diffraction (XRD) pattern of the commercially purchased activated carbon 
(Calgon Carbon) is shown in Figure 2.9. The XRD showed two broad diffraction peaks 
for the (002) and (100) planes at 23° and 43° degrees, respectively. The diffraction 
pattern for this material matches well with the reported values [41]. The observed peak 
broadening implies an amorphous material with a random orientation. The ratio of the 
intensities of the two planes (I002/I100 = 0.6) suggesting a degree of highly ordered 
structure that may enhance surface adsorption properties. The typical TEM micrograph 
of the activated carbon showed that it was amorphous in nature. The material consists of 
nanostructured particles with an average size of 1-2 nm in size and the elemental 
composition analysis stated that the elemental compostion was C (95 %) and O (5%). 
Figure 2.9 X-ray diffraction pattern of commercially available activated carbon. 
Inset shows the TEM imaging of the amorphous region. 
 
The N2 adsorption-desorption measurements for the activated carbon is shown in Figure 
2.10. The material possesses a surface area of 700 m2.g-1, and it shows the 
characteristics of a type – I isotherm according to the International Union of Pure and 
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Applied Chemistry (IUPAC) classification [42]. A steep increase in low pressure, 
followed by a plateau at a relatively high pressure is a typical type I isotherm 
representing a material with microporous structure. The pore size distribution curve 
shows a narrow size distribution of pore sizes predominantly 1 – 3 nm.  
 
Figure 2.10 Nitrogen adsorption isotherm of activated carbon and the inset shows 
pore-width distribution. 
 
2.4.2. Electrochemical Characterization of Activated Carbon 
The electrochemical performance of activated carbon was performed in 2M NaOH 
under a standard three-electrode configuration with Pt wire and Hg/HgO as the counter 
and reference electrodes, respectively. Cyclic voltammetry of the activated carbon is 
shown in Figure 2.11(a) exhibiting the classic quasi-rectangular shaped curve of an 
electrochemical double layer capacitor (EDLC) in the region between 0 and -0.1 V. The 
cations and anions from the NaOH electrolyte are adsorbed on the activated carbon 
electrode layer during the anodic process while they are desorbed during the reverse 
scan [43]. The presence of pores associated with high surface area enhanced the 
electrolyte immersion on the electrode surface and its electrochemical activity [44]. The 
galvanostatic (charge-discharge) curves for this material are shown in Figure 2.11(b). 
The electrode potential varied from 0 to -1.0 V and the highly symmetric shape between 
the discharging and charging parts correlated well with the CV curve illustrating the 
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double layer capacitive behaviour in a potential range of 1V, showing reversibility of 
the material. The specific capacitance of activated carbon was calculated to be 135 F.g-1. 
Figure 2.11 (a) Cyclic voltammogram (CV) for activated carbon (AC) negative 
electrode scanned at 2 mV.s-1 and (b) corresponding galvanostatic (charge-discharge) 
curves for each electrode at 0.2 A.g-1. The plots are shown for the 1st and 50th cycles. 
Experiments are performed in a three-electrode system in 2 M NaOH electrolyte. 
 
2.5. Conclusions 
In summary, mesoporous nickel molybdate was been successfully synthesised by a 
solution combustion synthesis technique. The polymeric templates, ESM and PMMA, 
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were proved to be useful for introducing porosity. The ESM templated NiMoO4 
material exhibited excellent electrochemical performance (using a two electrode cell 
configuration) with a high specific capacitance of 259.0476 F.g-1 when added at 2.5 g 
ESM. This capacitance is 6 times higher than non-templated NiMoO4 (44.1347 F.g-1). 
Using PMMA as a pore forming agent also increased the specific capacitance of the 
NiMoO4 material. In this case a lower amount of PMMA (1 g) produced optimum 
results but the values were much lower than those for the ESM templated material. The 
improved performance of the ESM-NiMoO4 material was likely due to a combination of 
an increase in surface area via the introduced mesoporosity and the formation of a 
nanowire-like particle structure. The results indicate that NiMoO4 templated with ESM 
may hold great promise for use as an electrode material for high performance 
electrochemical capacitors. 
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Chapter 3 
Templated NiCo2O4 
Sections of this chapter have been published in Albohani, S., Sundaram, M. M., Laird, 
D.W. Polymer templated nickel cobaltate for energy storage, Renew. Energy Environ. 
Sustain., 2017, 2, 9. DOI: 10.1051/rees/2017002. 
 
3.1. Introduction 
Transition metal oxides, such as NiCo2O4, have been regarded as valuable materials for 
electrochemical energy storage devices, owing to their high capacitance. NiCo2O4 has 
been investigated as a promising high-performance electrode material for 
supercapacitors due to the different valence states for the cobalt and nickel ions, which 
can be mainly attributed to synergistic multi-electron reactions of the Ni+3/Ni+2 and 
Co+3/Co+2 redox couples during electrochemical processes [1-6].  
 
NiCo2O4 possesses better electrochemical activity, higher electrical conductivity and 
lower electron transport activation energy than nickel oxide (NiO) or cobalt oxide 
(Co3O4) [7-10]. It exhibits not only large power density, but also high energy density, 
rich redox chemistry, low cost, environmental friendliness, natural abundance and ideal 
charge storage capability [11-14]. NiCo2O4 with different structures and morphologies 
have been investigated as high-performance capacitive electrode materials due to their 
excellent electrochemical performance which is attributed to their electronic 
conductivity and electrochemical activity when compared to the corresponding simple 
metal oxides, NiO and Co3O4 [11,15]. Those structures, including nanoneedles, 
nanowires, nanosheets and 3D flower-shaped microspheres composed of nanopetals, 
exhibit excellent capacitive performance due to their large surface area and short 
pathways for electron and ion transport [16,17].  
 
In the present work, it was postulated that the addition of a structured polymeric 
template would induce a microporous skeleton to the NiCo2O4 material, thus increasing 
surface area and allowing for improved capacitance. The hydrothermal combustion 
synthesis process to be utilised promises to be much simpler than other procedures that 
lead to interesting morphologies such as nanowires and nanosheets. As with the 
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NiMoO4 material discussed in the previous chapter, two polymeric templates were 
utilised: ESM as a random fibrous, organic template and; PMMA as a more structured, 
controlled pore-forming agent [18-21]. 
 
3.2. Experimental 
3.2.1. Synthesis of Electrode Materials 
3.2.1.1. Polymer Templated NiCo2O4 
NiCo2O4 was synthesised by a hydrothermal process. All non-template chemicals were 
obtained from Sigma-Aldrich. Briefly, 0.58 g of Ni(NO3)2.6H2O, 1.16 g of 
(NH4)6Mo7O24. 4H2O and 1.44 g of urea (CO(NH2)2) were dissolved in 40 mL of 
ethanol and 40 mL of deionized water mixture at room temperature. 1, 1.5 and 2.5 g of 
template (either ESM or PMMA) was added and the resulting mixture heated in an 
electric oven at 90 °C for 8 hrs before cooling to room temperature. The final products 
were calcined in a furnace at 400 °C for 3 hours. 
 
A NiCo2O4 “blank” was prepared as above (see section 3.2.2.1) without addition of 
ESM and PMMA. 
 
3.2.1.2. Material Characterization and Analysis Methods  
Powder X-Ray Diffraction (XRD) measurements were performed with a GBC 
Enhanced Multi-Material Analyser (EMMA). Samples were run in multi-scan mode (5 
times) with 2θ = 10-80°. 
 
The surface morphology of samples was investigated by scanning electron microscopy 
(SEM) using a Zeiss Neon 40EsB FIBSEM with Energy Dispersive X-ray analyser. 
Fourier Transform Infrared spectroscopy (FT-IR) was conducted using a Perkin Elmer 
Frontier 400 Spectrometer equipped universal ATR sampling accessory on diamond 
crystal using Spectrum software, version10.4.2. 
 
Specific surface area and pore size distribution were evaluated using Brunauere-
Emmette-Teller (BET) nitrogen (N2) adsorption-desorption isotherms and Barrett-
Joyner-Halenda (BJH) method, respectively, on a Micromeritics Tristar II surface area 
and porosity analyser.  
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3.3. Results and Discussion 
3.3.1. Material Characterization 
The phase formation and crystallinity of NiCo2O4 and NiCo2O4 with template were 
characterized by X-ray diffraction and the obtained patterns for all the samples are 
shown in Figure 3.1. Seven characteristic diffraction peaks located at 2θ values of 31.9° 
(220), 36.7° (311), 38.4° (222), 44.5° (400), 55.4° (422), 59.3° (511) and 64.9° (400) 
can be indexed to the spinel NiCo2O4 structure [22,23]. Those peaks indicate a regular 
crystalline structure and the pattern is in good agreement with the standard for spinel 
NiCo2O4 (JCPDF card No.20-0781). The intensity of the diffraction peaks for NiCo2O4 
templated with ESM get weaker as the amount of incorporated ESM increases, 
indicating a large surface area, porous structure and a reduction in the crystalline nature 
of the materials. When the addition of ESM reached 2.5 g, no peaks in the diffraction 
patterns were visible due to a saturation of ESM in NiCo2O4 [24-30]. 
 
The FT-IR spectra of the synthesised NiCo2O4 materials are shown in Figure 3.2. The 
band at around 800 cm-1 corresponded to Ni─O stretching vibration. The lower 
frequency peaks at around 600-500 cm-1 can be assigned to the stretching vibrations of 
the metal oxygen bonds in NiCo2O4 [3,4].   
 
The elemental composition of the template and non-templated NiCo2O4 materials was 
probed by Energy Dispersive Spectroscopy (EDS) (Table 3.1). The corresponding molar 
ratio of Ni:Co has been determined to be approximately 1:2, consistent with the formula 
of NiCo2O4.  
 
The chemical composition of the material surface was further elucidated by X-ray 
Photoelectron Spectra (XPS) as shown in Table 3.2. The Ni 2p peak was composed of 
two spin-orbit doublets characteristic of 855 and 874 eV assigned to Ni2+ and Ni3+, 
respectively [21,30], while the presence of Co2+ and Co3+ was indicated with major 
signals in the Co 2p peak at the binding energies of 780 and 796 eV, respectively [5]. 
These observations provide further proof that the synthesised materials were NiCo2O4 
and that the Ni and Co are present in multivalent form. This is consistent with a spinel 
type structure as the transition metal ion may get extra stability in the spinel structure.  
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Figure 3.1 XRD patterns of NiCo2O4 (a) with ESM (b) with PMMA. 
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Figure 3.2 FT-IR of NiMoO4 templated with varying amount of (a) ESM and (b) 
PMMA.  
 
SEM images of the blank and templated NiCo2O4 samples are shown in Figure 3.3. 
They indicate the irregular porous network-like structure of the NiCo2O4. These 
images clearly suggest that increasing the amount of the template has increased the 
porosity of the material: due to the fibrous structure of the ESM templated NiCo2O4 
and the a pore forming properties of the PMMA in the PMMA templated NiCo2O4. 
An increase in surface area was achieved using the templates and is likely due 
increasing the porosity of the material. There is a positive correlation between 
porosity and the amount of the template added. Surface area is calculated by using 
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the Brunauer-Emmett-Teller (BET), as shown in Table 3.3, which illustrates the 
surface area and pore size values for the blank and templated NiCo2O4 samples. N2 
adsorption-desorption isotherms show sorption behaviour with a hysteresis loop 
which indicates the mesoporous structure in those electrode materials.   
 
Table 3.1 Surface composition of NiCo2O4 materials. 
Template Amount added 
(g) 
Mol% 
 
N S Ni Co O 
None    15.24 29.12 53.10 
ESM 1 2.60 1.76 14.03 27.55 52.81 
ESM 1.5 3.23 2.51 16.07 29.10 46.68 
ESM 2.5 2.58 3.38 15.12 28.10 48.05 
PMMA 1   15.25 29.20 55.09 
PMMA 1.5   16.09 29.12 53.35 
PMMA 2.5   16.10 29.07 53.20 
 
 
Table 3.2 XPS data for NiCo2O4 electrode material. 
 Blank 
XPS 
 
 eV  
Ni 2p 855 Ni+2 
 874 Ni+3 
Co 2p 780 Co+2 
 796 Co+3 
O 1s 529 O1 
 531 O2 
 
 
Pore size and distribution is also clearly different for the two templates as shown in 
Figure 3.4. The physical adsorption desorption sites and the interfacial electroactive 
sites of faradaic reactions could be increased by the larger surface area. The large 
specific surface area and suitable pore size ensure that ESM and PMMA templated 
NiCo2O4 are beneficial for enhancing the electrochemical performance [31-34]. 
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Figure 3.3 SEM images of NiCo2O4 samples (a) blank NiCo2O4 (b) with 1 g ESM (c) 
with 1.5 g ESM (d) with 2.5 g ESM (e) with 1 g PMMA (f) with 1.5 g PMMA and 
(g) with 2.5 g PMMA. 
(b) (e) 
( c ) (f) 
 (d) (g) 
(a) 
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Table 3.3 Specific surface area, pore volume and specific capacitances of the 
NiCo2O4 samples. 
Template Amount added 
(g) 
Specific capacitance 
(F.g-1) 
Surface area 
(m2.g-1) 
Pore size 
(10-3cm3.g-1) 
None - 25.39 0.43 1.59 
ESM 1 28.19 7.34 2.04 
ESM 1.5 15.36 8.18 13.85 
ESM 2.5 12.53 3.03 3.63 
PMMA 1 38.03 20.91 18.62 
PMMA 1.5 28.75 44.47 34.34 
PMMA 2.5 20.42 41.07 32.88 
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Figure 3.4 BET and BJH plots of blank NiCo2O4, with ESM (blue line) and with 
PMMA (red line). 
 
The specific capacitance, surface area and pore size distribution for NiCo2O4 templated 
with ESM and PMMA (Table 3.3) show that increasing the addition of template to 1.5 
g, results in minimal to no increase in the specific capacitance. This suggests that the 
saturation content of ESM and PMMA addition is likely to be between 1 – 1.5 g. This is 
a distinct contrast to the results obtained for NiMoO4 where the best electrochemical 
performance was obtained when a minimum of 1.5 g of template was utilised in the 
synthesis. This suggests that the templating effect is somehow different for the synthesis 
of NiCo2O4, but it is not clear from this experimental work what the cause of that 
difference may be. 
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3.3.2. Electrochemical Characterization 
The electrochemical behaviour of the NiCo2O4 as cathode material was investigated via 
cyclic voltammetry and galvanostatic charge/discharge tests as shown in Figures 3.5 and 
3.6, respectively. The redox peaks of the hybrid composite electrodes show that mainly 
faradaic reactions occurred in the electrode materials and, particularly, the redox 
reactions between the Ni+2/Ni+3 and Co+2/Co+3 transitions. With an increase in the 
amount of ESM and PMMA template added, the height of the peak currents at the 5 
mV.sec-1 scan rate progressively shift to a higher value, confirming the pseudocapacitive 
behaviour of the NiCo2O4 samples.  
 
The redox processes facilitated by the NiCo2O4 templated ESM and PMMA are shown 
by increasing current density. The position of the anodic peaks at 0.50 and 0.43 V and 
cathodic peaks at 0.39 and 0.28 V shift to a more anodic 0.53 and 0.46 V and more 
cathodic at 0.36 and 0.25 V for the NiCo2O4 templated ESM and PMMA, respectively. 
Those shifts are mainly due to the fast-redox reactions occurring at the electro-active 
material and electrolyte interfaces. Increasing the amount of ESM and PMMA results in 
a larger surface area and leads to an increase in the number of electroactive sites, which 
facilitates the fast-redox reactions and shift redox voltage as shown in Figure 3.5. 
 
The galvanostatic charge/discharge measurements of both templated NiCo2O4 materials 
exhibit longer discharge time than the blank NiCo2O4. They also show the cyclic 
stability of the electrode materials is quite good as the charge/discharge curves are 
almost symmetrical during the continuous charge/discharge process. These curves 
exhibit nearly linear characteristics, indicating reversible redox reactions and, hence, 
reversible electrochemical charge storage properties. The specific capacitances 
calculated from the galvanostatic charge discharge are summarised in Table 3.3 and 
indicate that using these polymeric templates can improve the electrochemical charge 
storage of the synthesised NiCo2O4 material by changing the surface area and creating a 
specific pore size distribution.  
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Figure 3.5 CV curves of NiCo2O4 (a) with ESM, (b) with PMMA 
 
However, simply increasing surface area does not lead to large improvements in the 
specific capacitance for these materials. For example, addition of 1.5 or 2 g of PMMA 
template doubles the experimentally obtained surface area compared to that for a 1 g 
template addition but actually results in a decrease in the calculated specific 
capacitance. It may be that the specific capacitance of the NiCo2O4 material is a 
function of both the available surface area and the pore size and that increasing pore 
size above a certain limit, reduces specific capacitance. This phenomenon is reflected in 
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the charge-discharge curves with the 1 g template additions resulting in much greater 
charge discharge times than observed when adding greater amounts of template. Among 
the different NiCo2O4 samples reported in the open literature as electrode materials for 
supercapacitors, Zhao et al. [35] reveal that a NiCo2O4 nanowire grown on Ni foam 
through a facile hydrothermal approach, which is the same technique that used to 
synthesis NiCo2O4 in this research, has a large capacitance and superior cycling stability 
with 80.3% capacitance retention after 20000 cycles for asymmetric supercapacitors. 
The Ni foam is a very good conductor and it is possible that the superior performance of 
Zhao’s material is due to improved conductance in the Ni foam/ NiCo2O4 hybrid 
material. 
 
Figure 3.6 CD curves of NiCo2O4 (a) with ESM and (b) with PMMA. 
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Even the best performing polymer templated NiCo2O4 material synthesised in this work 
doesn’t perform significantly better than the non-templated material. This result 
indicates that there must be some fundamental difference in the way that the reactants, 
particularly the cobaltate, interact with the polymeric templates, compared to what 
happens with NiMoO4. It may be possible that, in the case of NiCo2O4, the spinel like 
crystal structure that is produced is less favourable for electrochemical storage in 
contrast to the case for NiMoO4 where a usually inaccessible crystal structure that is 
favourable for electrochemical storage is stabilised by the template addition. 
 
3.4. Conclusion 
Templated and non-templated NiCo2O4 was synthesised utilising a simple hydrothermal 
process for use as an electrode material in an asymmetric supercapacitor. While an 
increase in the specific capacity was recorded for the templated NiCo2O4 this was not 
significantly improved compared to the non-templated material. The maximum specific 
capacitances measured were 28.19 and 38.03 F.g-1 at a current density of 1 mA.g-1 for 1 
g of ESM and 1 g of PMMA, respectively. Porosity in the templated materials did 
increase, as did the average pore size, but a simple correlation between porosity (or pore 
size) and specific capacitance was not evident. The morphology of the materials did not 
show the same ‘nano-wire’/elongation as seen in templated NiMoO4 materials, 
suggesting that the crystal shape may be an important parameter in determining 
supercapacitor performance. The minimal effect of the polymeric template addition may 
suggest that a non-optimal crystal structure was stabilised by the template, leading to 
lower than expected performance. 
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Chapter 4 
Synthesis of Porous CoMoO4 with ESM and PMMA as Templates for 
Supercapacitors 
 
4.1. Introduction 
Given the superior performance of the synthesised templated nickel molybdate material 
(Chapter 1) over the nickel cobaltate materials (Chapter 2) it seemed obvious to 
investigate the templating of a cobalt molybdate material. Cobalt has similar properties 
to nickel including multiple oxidation states available for faradaic reactions in a 
bimetallic oxide psuedocapacitor. As molybdate materials have been investigated 
previously as supercapacitor electrode materials [1] there are published reports of 
synthesised CoMoO4 materials that have exhibited supercapacitor electrochemical 
properties [2-5]. As with other binary transition metal oxides the performance was 
better than that for single component oxides. Those studies indicate that CoMoO4 
exhibits relatively high specific capacitance and energy density, a high rate capability, a 
stable crystalline structure and fast transport between ions and electrons [6-12].  
 
As is the case for NiMoO4, CoMoO4 may exist in different phases, e.g. α-CoMoO4 and 
β-CoMoO4 based on coordination of the Mo+6 ion, and that these two forms are 
stable/synthetically accessible at different temperatures; α-CoMoO4 appears at 300 °C 
and β-CoMoO4 at 400-1000 °C [13-16]. It was postulated that the use of polymeric 
templates could lead to stabilising one of these forms leading to a significant 
improvement in electrochemical storage properties; analogous to the results obtained for 
NiMoO4. Previously published work on using additives to produce better performing 
CoMoO4 electrode material supports this basic premise. Ramkumar et al. [17] reported 
that ultrathin CoMoO4 nanosheets modified with chitosan exhibited good cycling 
stability with high coulombic efficiency over 2000 cycles, retaining a specific 
capacitance of 81 F.g-1 at 3 A.g-1. Similarly, Barmi et al. [18] revealed that addition of 
(poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) - commonly known 
as F127) to CoMoO4 at 300-500 °C resulted in a hybrid material with excellent 
electrochemical performance: a specific capacitance of 79 F.g-1 and an energy density of 
38 Whkg-1 in 2 M NaOH electrolyte. That specific capacitance is significantly higher 
than that the 23 F.g-1 those authors reported for pure CoMoO4. The possibility of the 
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polymeric templates producing a porous framework was also enticing as Long et al. [1] 
reported that CoMoO4 nanosheets synthesised using a facile hydrothermal method and 
assembled in 3D-frameworks showed superb electrochemical performance in KOH 
solution with the specific capacitance reaching 1234 F.g-1 at a current density of 1 A.g-1.  
 
In this work polymer templated CoMoO4 has been synthesised by a solution combustion 
synthesis technique using cobalt nitrate and ammonium molybdate as precursors.  
 
4.2. Experimental 
4.2.1. Synthesis of Electrode Materials 
4.2.1.1. Polymer Templated CoMoO4 
CoMoO4 was synthesized by a solution combustion synthesis, all non-template 
chemicals were obtained from Sigma-Aldrich. Briefly, 2.907 g of Co(NO3)2.6H2O, 
1.235 g of (NH4)6Mo7O24.4H2O and 0.60 g of urea CO (NH2)2 were dissolved into 35 
ml of deionized water under constant magnetic stirring for 5 hours. 1, 1.5 or 2.5 g of 
template (either ESM or PMMA) was added to the above solution and stirred for 12 
hours to produce homogenous solutions. After 12 hours the pH was adjusted to ≈8 using 
aqueous NH3 and the resulting solutions were heated without filtration on a hot plate 
(~200 °C) for 30 minutes. The final products were calcined in a furnace at 400 °C for 3 
hours. 
 
4.3. Results and Discussion 
4.3.1. Material Characterization 
Two types of template have been used in this synthesis to improve the energy storage 
ability: a natural template (ESM) and the synthetic template (PMMA). Those templates 
lead to improved specific surface area of the cobalt molybdate material and enhanced 
the adsorption/desorption of the sodium ion in the electrolyte during supercapacitor 
operation, resulting in the improved overall performance. 
 
The X-Ray diffraction (XRD) patterns for the non-templated, ESM templated and 
PMMA templated CoMoO4 (Figure 4.1) suggest the synthesis of a crystalline material 
that is in a good agreement with the standard XRD for β-CoMoO4 (JCPDS card no. 21-
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0868). CoMoO4 crystallization was confirmed by characteristic signals in the XRD 
pattern such as the sharp peak at 26.8°. The high purity of the synthesised material was 
confirmed as no peaks due to impurities or other residuals were observed for the non-
templated CoMoO4 [19-22]. No distinct changes to peak positions are observed for 
CoMoO4 samples synthesised with different amounts of template, which implies that 
the samples are successfully synthesised [18,19,23-27]. However, CoMoO4 with 1 g 
PMMA has a significant increase in the size of the peak at 26.8°. The CoMoO4 
synthesised with 1.5 and 2.5 g PMMA showed broad peaks with low intensity and these 
broad peaks indicate the amorphous nature of those samples. 
Figure 4.1 XRD patterns of CoMoO4 (a) with ESM, (b) with PMMA. 
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The XRD of the material produced in this work is consistent with the β-CoMoO4 that 
was synthesised by Rico et al. [26] using a hydrothermal synthetic route (XRD 
exhibiting distinctive signals at 2θ=14° and 28.4°). Similarly, β-CoMoO4 
nanocomposites with graphene have been synthesised by Xu et al. [8] using a facile and 
efficient microwave-assisted reaction system at 330-410 °C.  
 
Figure 4.2 SEM images of CoMoO4 samples (a) blank CoMoO4 (b) with 1 g ESM 
(c) with 1.5 g ESM (d) with 2.5 g ESM (e) with 1 g PMMA (f) with 1.5 g PMMA 
and (g) with 2.5 g PMMA. 
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The surface morphology of the CoMoO4 structure was investigated by Scanning 
Electron Microscopy (SEM) (Figure 4.2). It is clearly seen that the particles in the non-
templated CoMoO4 consist of small, highly agglomerated rods fused together into plate-
like assemblages approximately 0.46 µm in length and 0.13 µm in diameter. It is 
evident that the increasing amount of ESM rearranges the molecules to induce a shape 
transformation in the nanorods. As the amount of ESM template is increased from 1 to 
2.5 g, the particles become more porous. An increase in particle size and less 
agglomeration was observed in CoMoO4 templated with both the ESM and PMMA. The 
rods are approximately 150% longer (0.66 µm in length) but have basically the same 
diameter (0.16 µm). 
 
Energy Dispersive Spectroscopy (EDS) analysis revealed that the surface of the 
prepared samples contained Co, Mo and O (Figure 4.3, Table 4.1) confirms the molar 
ratio of Co:Mo:O is about 1:1:4 which is consistent with a molecular formula of 
CoMoO4. 
 
Table 4.1 The mass percentage for CoMoO4 elements. 
Template Amount added 
(g) 
Mol% 
N S Co Mo O 
None    18.95 18.77 60.79 
ESM 1 1.98 2.16 17.76 17.55 58.52 
ESM 1.5 2.12 2.24 17.19 17.61 59.30 
ESM 2.5 1.91 2.32 17.22 17.58 59.65 
PMMA 1   17.75 17.68 61.60 
PMMA 1.5   17.56 18.25 60.81 
PMMA 2.5   17.95 18.25 60.52 
 
The EDS analysis also indicates the presence of additional elements, particularly for the 
ESM templated material. The carbon comes from the black carbon tape that was used to 
hold the sample in the sample holder and, thus, is not attributable to the material itself. 
The N and S that is present in the ESM templated material may be a result of the 
proteinaceous nature of that template. Those elements have not been totally removed by 
the calcining process and are present in relatively small amounts in the final material. 
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This is almost akin to doping the material with N and S but it is not yet known if this 
has an effect on the electrochemical properties of the material.  
 
Specific capacitance, surface area and pore size distribution for the templated CoMoO4 
are shown in Table 4.2. The materials that were templated with 2.5 g ESM and 1.5 g 
PMMA have the highest specific capacitance and surface area. The specific 
capacitances show the same trend as for the NiMoO4 material but the recorded values 
are not as high. That seems to suggest that there may be something about the 
combination of Ni and molybdate that leads to dramatic improvements in the 
electrochemical properties of the material or the stabilisation of a preferred crystal form. 
Interestingly, the specific capacitance of the ESM templated material is more than 
double that of the non-templated CoMoO4 and surface area increased 2.86 fold. For the 
PMMA templated material the highest specific capacitance measured was only 129% 
that of the non-templated material, even though the surface area was 2.6 times greater. 
As with the NiMoO4 produced this suggests that surface area is not the only parameter 
leading to improved electrochemical performance.  
Table 4.2 Specific capacitance, specific surface area and pore volume of the 
CoMoO4 samples. 
Template Amount 
added (g) 
Specific 
Capacitances (F.g-1) 
Surface 
area (m2.g-1) 
Pore size 
(10-3cm3.g-1) 
None  34.0733 6.23 1.49 
ESM 1 37.0841 12.57 1.67 
ESM 1.5 58.6080 15.21 0.74 
ESM 2.5 74.4554 17.87 1.76 
PMMA 1 42.4403 10.97 3.31 
PMMA 1.5 43.9506 16.15 2.76 
PMMA 2.5 19.4100 10.91 5.62 
 
The porosities of the CoMoO4 in the absence and presence of ESM and PMMA were 
examined by N2 adsorption-desorption isotherm analysis and the results are shown in 
Figure 4.3. It shows nitrogen adsorption-desorption isotherms of blank CoMoO4, 
CoMoO4 with ESM and CoMoO4 with PMMA and corresponding pore size distribution 
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curves. There is quite a difference in the average pore sizes in the two materials and this 
may also be an important factor in optimising supercapacitor performance. In fact, the 
results of the PMMA templated material suggest that there may be an upper limit to 
effective pore size as the material templated with 2.5 g PMMA has an average pore size 
double that of the best performing 1.5g PMMA addition. 
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Figure 4.3 BET and BJH plots of blank CoMoO4, with ESM (blue line) and with 
PMMA (red line).   
 
The BET data for ESM-CoMoO4 shows an increase in the rate of N2 adsorption as the 
relative pressure (P/Po) ranging increases from 0.4 to 0.9 and the area of the loop is 
higher than that for the blank and PMMA-CoMoO4 (Figure 4.3). This indicates that the 
percentage of mesoporous space for the ESM-CoMoO4 and the PMMA-CoMoO4 is 
higher than that for blank. The relatively high surface area and mesoporous volume for 
the templated CoMoO4 samples should provide shorter diffusion paths for electrons and 
ions as well as increase the contact area of electrode/electrolyte. Thus, the presence of 
templates during the synthesis resulted in controlled particle sizes that provide more 
active sites for efficient transport of electrons and ions in electrode system. BJH 
desorption (dV/dD) shows that the pore with the diameter between 5-50 nm gives 
higher adsorption efficiency and especially the highest peak is located at the diameter of 
≈50 nm. Due to increasing the amount of ESM and PMMA results in increasing the 
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surface area and leads to increasing of electroactive sites, which leads to fast-redox 
reactions and shift redox voltage [28]. 
 
The surface areas of the porous materials detailed here compare well with similar 
syntheses of CoMoO4 using additives. For example,  Minakshi et al. [20] reported that 
the surface area for CoMoO4 synthesised with the addition of 2 wt.% L-Glutamic Acid 
d(GA) was as 16.84 m2.g-1 and Barmi et al. [18] revealed that addition of F127 (poly 
(ethylene oxide)-poly (propylene oxide)-poly(ethylene oxide)) resulted in CoMoO4 
material with a surface area 20 m2.g-1. 
 
4.3.2. Electrochemical Characterization 
The electrochemical capacitance performance of the materials was determined from 
cyclic voltammetry (CV) studies carried out between -0.1─ 0.75 V in 2 M NaOH 
solution at a potential scan rate of 5 mV.s-1, the results are displayed in figure 4.4(a, b). 
The CV curve of the blank CoMoO4 consists of two reduction peaks and one oxidation 
peak at 0.12, 0.44 and 0.27 V, respectively. This suggests that the CoMoO4 electrode 
undergoes one oxidation process and the product formed during the oxidation undergoes 
two separate reductions. CV curves for the templated CoMoO4 indicate faradaic 
behaviour within the voltage window tested and the shape of the curves is similar to 
those of the non-templated material. The pair of redox peaks seen in Figure 4.4(a, b) are 
related to the formation of Co3O4 which then undergoes a change in the reduction states 
of the Co atom in CoMoO4 governed by faradaic reactions. As an increasing amount of 
ESM template is used in the synthesis, the areas under the peaks are larger for the 
templated material than the blank, which illustrates that the material is 
electrochemically reversible and suitable for energy storage. However, PMMA-
NiMoO4 samples display asymmetric CV curves, indicating that these electrode 
materials have some irreversibility of the redox process. 
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Figure 4.4 CV curves of CoMoO4 (a) with ESM, (b) with PMMA. 
The galvanostatic charge-discharge curves for the synthesised materials at current 
density 1 mA (figure 4.5a, b) are symmetrical which shows their high efficiency and 
good reversibility in redox faradaic reactions occurring at the electrode/electrolyte 
interface. The specific capacitance of the CoMoO4 samples synthesised with templates 
delivers higher specific capacitance of 74.4554 F.g-1 for CoMoO4 with 2.5 g ESM at 1 
mA than that of the blank CoMoO4.  The curves clearly show that using an ESM 
template improves capacitance compared to non-templated material, with the 2.5g 
template addition achieving the longest charge-discharge time. For the PMMA 
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templated material, the 2.5 g template addition obviously has a deleterious effect on 
charge-discharge behaviour.  
 
Figure 4.5 CD curves of CoMoO4 (a) with ESM, (b) with PMMA. 
 
The results obtained for the CoMoO4 synthesised with template in this study compare 
well with those available in the literature. The specific capacitance of 74.5 F.g-1 is 
approximately three times better than that reported by Veerasubramani et al. [6] for an 
asymmetric supercapacitor based on graphene and CoMoO4 ( 26.16 F.g-1 at a current 
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density of 0.5 mA.cm-2) and is comparable with the work of Barmi et al. [19] who 
reported a specific capacitance of 79 F.g-1 and an energy density of 21 Whkg-1 for 
CoMoO4 material synthesised at 300 °C in the presence of the surfactant template F127 
(1:1) and tested as a hybrid device. 
 
4.4. Conclusion 
Particles with short nanorods of CoMoO4 have been fabricated by a solution combustion 
synthesis technique using two different polymeric templates. The nanostructured 
material exhibits pseudocapacitive behaviour with high specific capacitance of up to 
74.45 F.g-1, 2-fold greater than the non-templated material. Using a fibrous eggshell 
membrane as the template appears to improve electrochemical properties compared to 
non-fibrous PMMA. The trends in these results is similar to those observed for 
templating experiments with NiMoO4, although the absolute value of the capacitance is 
less in the case of CoMoO4. This suggests that there may be something unique about the 
interaction of the ESM template with either, or both, of the molydate and Ni/Co 
presursors during the hydrothermal combustion synthesis process. Optimisation of 
pseudocapacitive performance appears to be a result of a complex interaction of particle 
shape, crystal structure, surface area and pore size.  
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Chapter 5 
Synthesis of NaNiVO4 as a Novel Electrode Material for Supercapacitor 
Applications 
 
5.1. Introduction 
The cathode material plays an important role in the performance of electrochemical 
devices for the storage of energy. In general, vanadium, as a vanadium oxide or 
vanadate, has emerged as a promising material for constructing electrochemical 
electrodes as it is quite light, has low density, a high melting point, is flexible and 
ductile, maintains good strength at high temperature, exhibits good thermal conductivity 
and is readily available in high purity [1]. As an electrochemical cathode material, 
particularly in rechargeable Li-ion batteries, it has the advantages of having a variety of 
oxidation states available (+5, +4, +3 and +2), is resistant to oxidation by air or water at 
room temperature and has resistance to non-oxidizing acids and corrosion in hot 
solutions [2,3]. Thus, materials that incorporate vanadium oxides appear to have useful 
characteristics for pseudocapacitive behaviour, as well as properties favourable for 
producing a lightweight, chemically stable hybrid supercapacitor [4,5].  
 
Electrode materials derived from single vanadium oxides, such as V2O5, have been 
shown to exhibit high energy density, are relatively easy to synthesise, are low cost and 
can be derived from abundant resources. Even though V2O5 has received a great deal of 
attention as a promising material for application as a cathode material for solid-state 
batteries, the material suffers from limited long-term cycling stability due to its poor 
electrical conductivity, poor structural stability, and non-ideal specific capacitance 
behaviour [6]. Vanadium compounds, such as vanadium oxide and ammonium 
vanadate, have also attracted significant attention in electrochemical capacitor and 
energy storage, where researchers have attempted to overcome these down sides by 
preparing hybrid materials of vanadium with graphene, formic acid and graphene oxide 
[6,7]. In the same way that BTMO materials outperform single transition metal oxides 
for Ni, Co, etc., it may be that the difficulties of utilising single metal vanadium oxides 
may be overcome by incorporating vanadium into a BTMO like structure. 
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For example, Qin et al. [8] have reported that a porous LiNiVO4 powder synthesised via 
a solution combustion method may be used as a cathode material for lithium-ion 
batteries. Fey et al. [9] have prepared an inverse spinel structured LiNiVO4 by a citric 
acid polymeric process. Al2O3 derived from (methoxyethoxy)acetate-alumoxane (MEA) 
has been used to coat the LiNiVO4 cathode for secondary lithium batteries. Prakash et 
al. [1] reported that a LiNiVO4 cathode material was synthesised for lithium 
rechargeable batteries using a sol-gel method. Lu et al. [7] reported that a newly-
developed hydrothermal process has been used to prepare LiNiVO4 cathode material for 
lithium ion batteries. LiNiVO4 has equal and random occupation of octahedral sites by 
monovalent Li and bivalent Ni ions and with the tetrahedral site occupation by the 
pentavalent V ion. It has been synthesised as a high voltage material which is 4.8 V to 
achieve high energy and energy density of the batteries. It is the first cathode material 
with an inverse spinel structure that has been proposed for Li and Li-ion battery 
applications. LiNiVO4 has been used as a positive electrode material due to some 
advantages such as voltage regulation, cyclic ability and high specific capacity. [10-14]. 
 
No other metal nickel vanadates have, as yet, been reported in the literature. It is 
possible that substituting the Li with other metal ions could provide materials with 
different, even enhanced, psuedocapacitance properties. For example, replacing the Li 
with Na could change the faradic response as the redox potential for sodium is different 
to that of lithium (E° Na+ /Na = - 2.71 V versus SHE, 0.3 V above that of lithium). 
Synthesising an electrode material like NaNiVO4 could open up interesting architectures 
for electrochemical cells based on sodium for energy storage applications. Sodium 
based reactants are readily available and cheap and could provide an alternative to Li 
based materials for some applications, as well as alleviate any potential shortage of 
lithium that could result from increased utilisation of Li based battery technologies [15].  
 
The hydrothermal synthetic protocol for the novel NaNiVO4 material was developed 
based on an assessment of various procedures used to synthesise LiNiVO4. It was 
expected that some parameters would need to be optimised, e.g. synthesis temperature, 
reaction time, annealing temperature and time, and even the crucible material used to 
contain the sample during the annealing procedure. The procedure outlined in the 
Experimental section represents a semi-optimised process.  
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Once the novel NaNiVO4 material was successfully synthesised and characterised, it 
was anticipated that the procedure would be further modified to include the introduction 
of polymeric templates to ascertain the effect of these on the surface area, porosity and 
general supercapacitor electrode characteristics. 
 
In this work, NaNiVO4 has been synthesised as a novel electrode material for use in 
asymmetrical psuedocapacitors. A synthesis procedure has been developed by 
modifying known LiNiVO4 syntheses and the resulting material characterized for 
potential application in supercapacitors. 
 
5.2. Experimental   
5.2.1. Synthesis of Electrode Materials 
5.2.1.1. Sol-gel Method 
NaNiVO4 was synthesised by a sol-gel method based on the method described in [19]. 
Stoichiometric (1:1:1) amounts of NaNO3 (0.790 g), Ni (NO3)2.6H2O , (2.704 g ) and 
NH4VO3 (1.088 g) were dissolved in 20 ml deionized water and mixed with 4.189 g of 
glycine [16]. The resulting solution was heated in an oil bath at 110 - 120 °C to yield a 
thick black-purple solution. The solution was then decomposed at 280 °C for 1.5 hours 
and the recovered powder ground and then annealed in a ceramic crucible at 300, 400, 
600, 700 and 800 °C for 3 hours.  
 
The NaNiVO4 material initially annealed at 600 °C was again treated at 600 °C for 1, 2 
and 3 hours and the sample at 800 °C calcined again at 800 °C for 3, 4, 5 and 6 hours 
separately in air.  
 
5.2.1.2. Autoclave Method  
NaNiVO4 was synthesised by using 1:1 stochiometric amount of reactants. Briefly, 
0.553 g of NaNO3, 1.893 g of Ni(NO3)2.6H2O, and 0.761 g of NH4VO3 dissolved in 35 
ml deionized water and mixed 2.932 g (6 mol) of glycine. 1, 1.5 and 2.5 g ESM were 
added, and the resulting solution then transferred to 100 ml a teflon insert in stainless-
steel autoclave. Solvothermal reaction proceeded at 150 °C for 2 hours. The solution 
was then decomposed at 280 °C for 1.5 hours, and the resulting powder ground and 
annealed in a ceramic crucible at 600 °C for 6 hours. 
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 A NaNiVO4 “blank” was prepared using the above procedure without addition of ESM. 
 
5.2.1.3. Material Characterization and Analysis Methods 
Powder X-Ray diffraction (XRD) measurements were performed with a GBC Enhanced 
Multi- Material Analyser (EMMA). Samples were run by multi-scan (5 times) run with 
2θ = 10 - 80°.  
 
5.2.1.4. Electrochemical Characterization. 
The electrochemical behaviour of NaNiVO4 materials was investigated by a 
galvanostatic charge-discharge technique by using Battery Analyser (MTI Corp, USA 
operated by a battery testing system (BTS)). Electrochemical behaviour of the vanadate 
was investigated by using two-electrode cell and 2 M NaOH as an electrolyte in the 
potential range of 0.2 - 1.6 V and 1 mA current density.   
 
Electrochemical properties of the prepared samples were investigated by constructing a 
working electrode consisting of 75 wt.% active materials, 15 wt.% activated carbon, 10 
wt.% poly vinylidene fluoride (PVDF) binder, and 250 µL N-methyl-2-pyrrolidine 
(NMP). Ingredients were mixed to produce a homogenous paste which was coated onto 
a 1 cm2 graphite sheet. Electrochemical behaviour was evaluated using Battery Analyser 
((MTI Corp, USA) operated by a battery testing system (BTS). The specific capacitance 
and energy density were calculated from galvanostatic charge-discharge curves using 
the equations as in effect of polymeric templates on the electrochemical performance of 
NiMoO4 supercapacitor electrodes chapter and electrode preparation and 
electrochemical characterization section [17]. 
 
5.3. Results and Discussion 
LiNiVO4 synthetic procedures have been used as reference for the synthesis of 
NaNiVO4 resulting in development of a new hydrothermal process. The required 
temperature for preparing the NaNiVO4 was reduced to 200 °C and the particle size in 
the sodium version decreased to nanometre level rather than the larger crystals produced 
using the LiNiVO4 procedure. The crystallinity of LiNiVO4 can be improved by 
increasing the hydrothermal temperature and adding ammonium carbonate [18,19]. 
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LiNiVO4 was prepared from LiCO3, Ni(CH3COO)2.4H2O and NH4VO3 using tartaric 
acid as a complexing agent with 1:1-1:4 mole ratio of metal: tartaric acid and subsequent 
calcination at 350-700 °C for 6-12 hours [20]. Inverse spinel LiNiVO4 thin films were 
prepared by re-sputtering, followed by films annealed at 300, 450 and 600 °C for 2 
hours to induce the crystallization of the films. The anodic electrochemical performance 
films have been cycled in the range of 0.02-3.0 V, at room temperature, at a current 
density 75 µA.cm-2 [17].  
 
When samples synthesised using the sol-gel method were annealed at 800 °C they 
reacted with the crucible/were converted to a hard, glassy substance that could not be 
recovered for testing. As such only those samples annealed at 600 °C were taken 
forward for characterisation and electrochemical testing. The other synthesised samples 
were not been tested it wasn’t possible to retrieve enough material from the crucible due 
to the formation of the aforementioned glassy substance. The conditions that resulted in 
least ‘sticking’ of the synthesised NaNiVO4 to the crucible was annealing at 600 °C for 
3 hours then a second annealing at 600 °C for 3 hours.  
 
The synthesised material was concurrently subjected to XRD analysis and 
electrochemical characterisation. As the synthesis methods were based on those 
reported for LiNiVO4 it was anticipated that the crystal structure for the NaNiVO4 
would be similar to the inverse spinel structure known for the lithium material. In the 
inverse spinel structure of LiNiVO4, Li and Ni atoms occupy the octahedral coordinate 
and V atom occupies the tetrahedral coordinate [4,8]. As the NaNiVO4 is a novel 
compound, no database reference is available for direct comparison of XRD data. 
However, if the novel material had crystallised in the inverse spinel space, it was 
anticipated that the XRD pattern would look similar to that for the LiNiVO4 reference 
card. However, it is clear from a comparison of the XRD pattern for the synthesised Na 
compound with the JCPDS reference for LiNiVO4 (Figure 5.1) that there is a significant 
difference in the two XRD patterns. There are some similar signals, e.g. those at 
approximate 2θ values of 31, 37, 43, 55, 59, and 63° but the size of these are different in 
the new material compared to the LiNiVO4 and it is not clear at this point if the 
synthesised material is pure NaNiVO4 or a mixture of the desired compound and other 
vanadate salts. A full characterisation with high resolution XRD is necessary in order to 
determine the crystal form. The synthesised material is extremely stable in the presence 
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of both concentrated acid and alkali and a bulk elemental analysis has not been possible 
at this point. 
 
The results of the galvanostatic charge-discharge experiments on the purported 
NaNiVO4 material (Figures 5.2 and 5.3) just for the material that is from the hydrogel 
synthesis provided disappointing capacitance values with the highest calculated specific 
capacitance being only 18.21 F.g-1. The CD curves are also not symmetrical, suggesting 
some possible unknown contaminant/electrochemical behaviour in these NaNiVO4 
samples. The specific capacitance decreased as amount of added ESM template 
increased (Figure 5.3). Specific capacitances were calculated to be 29.72, 11.98, 16.08 
and 13.15 F.g-1 for non-templated, and templated with 1, 1.5 and 2.5 g of ESM, 
respectively. In contrast with the results for the molybdate and cobaltate materials 
described in previous chapters, no improvement in electrochemical performance is 
observed with template addition in this instance. 
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Figure 5.1 XRD pattern of blank NaNiVO4.  
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Figure 5.2 CD curve of blank NaNiVO4 which synthesised by the hydrogel 
synthesis.  
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Figure 5.3 CD curves of blank NaNiVO4, with 1, 1.5 and 2.5 g ESM which 
synthesised by autoclave synthesis. 
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5.4. Conclusion 
In summary, the synthesis of NaNiVO4 as a novel electrode material for supercapacitors 
was attempted via sol-gel and solvothermal reaction methods. The prepared samples 
were annealed at a range of temperatures and the electrochemical performance 
evaluated. It was evident that the annealing temperature needs to be optimised as 
temperatures above 600 °C lead to the material becoming completely amorphous and 
irreversibly binding to the ceramic crucible utilised in this study. Physical 
characterisation of the materials produced indicated a significant difference in the 
expected XRD data from the LiNiVO4 structure. Unfortunately, a full XRD based 
refinement of the material was not possible. Using egg shell membrane as a template 
resulted in a decrease in electrochemical performance. The specific capacitance for the 
best sample synthesised by using sol-gel method is 18.21 F.g-1 Further testing and 
development of the material was not conducted due to the demonstrated poor 
electrochemical performance. and templated it with eggshell membrane hasn’t improved 
the specific capacitance.  
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Chapter 6 
General Discussion 
Energy consumption is rapidly increasing as the population of the world grows rapidly 
and the overuse of fossil fuels has resulted in the release of large amounts of greenhouse 
gas, causing climate change. A combination of these issues has resulted in a search for 
alternative energy sources, particularly from renewable sources, e.g. solar and wind. In 
order to fully utilise these intermittent energy sources, reliable and low-cost energy 
storage devices (fuel cells, batteries and supercapacitors) need to be developed. Fuel 
cells and batteries have some disadvantages such as they cannot deliver high specific 
power needs and their cycle life is small at about 3000 or less charge-discharge cycles 
[1,2]. This has resulted in much interest in the further development of supercapacitors as 
the main storage device for energy generated from renewable resources. 
 
In order for supercapacitors and advanced pseudocapacitors to be a viable energy 
storage solution, advances in design and the materials used in electrodes need to be 
made. Binary transition metal oxides, such as NiMoO4, CoMoO4 and NiCo2O4, have 
been suggested to exhibit superior performance to traditional mono metal oxides used in 
electrochemical storage applications. This is due to BTMOs being able to 
simultaneously utilise both the surface of the material and faradic mechanisms to store 
and release charge. The transition metal oxides exhibit multiple oxidation states, thus 
enabling exploitation of multiple redox reactions, have short ion transport pathways, 
superior electron collection efficiency or multi functionalities of components that lead 
to higher specific capacity, higher electrical conductivity, increased rate performance 
and improved cycle stability when compared to devices constructed from single metal 
oxides [3-8]. 
 
Some of the most difficult challenges in improving the performance characteristics of 
supercapacitor electrode materials are how to increase surface area and porosity while 
also tuning crystal shape and size to improve conductivity. The addition of templates 
can result in materials with a large specific surface area which increases the 
electrode/electrolyte contact area, improve the electrical conductivity, increase the cycle 
efficiency and enhance the electrochemical performance of electrode materials [9]. This 
work chose to investigate the use of polymeric templates in the synthesis of electrode 
materials as it was envisioned that the template could be removed/degraded by high 
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temperature calcining, leaving behind an unadulterated BTMO material that would 
exhibit superior electrochemical properties. A polymeric template is easily incorporated 
into simple hydrothermal combustion synthesis methods that are likely to be the most 
economic and efficient means of producing these materials. 
 
Of the four electrode materials synthesised and electrochemically analysed in this work, 
the two molybdate based materials (NiMoO4 and CoMoO4) had much higher specific 
capacitance than the non-molybdate materials (NiCo2O4 and NaNiVO4), indicating that 
there is something about combining transition metals with molybdates that leads to 
superior electrochemical performance. This superior performance has marked metal 
molybdates as promising scalable electrode materials due to the abundance of the 
synthetic precursor resources, relatively low cost, environmental friendliness, their 
stable crystal structure, and the ability of the Ni and Co to undergo reversible redox 
reactions in aqueous alkali electrolytes [10-18].  
 
In general, using the polymeric templates increased the surface area of the electrode 
materials when compared to non-templated materials. This was particularly apparent in 
the NiMoO4, CoMoO4 materials and NiCoO4. For example, in the molybdate based 
materials addition of template increased the surface area by at least double, and at 
optimised levels by up to 4 times, over that recorded for the non-templated material 
[19]. The results from all materials showed that there was an optimum level of template 
that could be added and that this optimum was different for each material and each 
template. For the molybdates, the ESM template resulted in the largest improvement in 
surface area and there was a general increase in surface area as more ESM was added. 
Increased PMMA tended to result in a reduction of the surface area after the initial 1 g 
addition. A similar trend in surface area to added template was observed in the NiCo2O4 
syntheses but, in that case, the PMMA produced the largest improvement in surface 
area. Those results suggest that the proteinaceous nature of the ESM 
interacts/stabilises/coordinates with the molybdate materials differently to the PMMA. 
And, obviously, PMMA somehow coordinates differently to the cobaltate material 
resulting a more open structure. Thus, it would appear that the choice of template to use 
is of critical importance when attempting to synthesise high surface area BTMOs via 
hydrothermal combustion procedures. While not enough systems have been synthesised 
in this work to make a definitive prediction, and such an investigation was outside the 
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scope of this research project, it would be intriguing to investigate if existing evidence 
on the binding of metal oxides to particular functional groups could predict the 
likelihood of improving material surface area. 
 
It would appear that adding the template material as a reactant in the initial synthesis 
mixture increased the surface area of the recovered products by increasing the porosity 
of the materials, not just having them precipitate as, for example, a thinner or more 
plate-like material. Measured porosity was greater in all templated materials compared 
to the non-templated counterpart. 
 
Perhaps one of the most interesting observations from this work was the difference in 
the crystal structure that was induced by the different templates. In particular, addition 
of the ESM template tended to result in elongated, fibre-like crystals. This is most 
noticeable in the ESM-NiMoO4 material where the resultant product resembles a fibrous 
collection of nanowires. While not as prominent, a similar elongated crystal structure 
develops in the CoMoO4 material. Due to the presence of chelating functional groups in 
the proteinaceous fibres, it is possible that the ESM can stabilise particular crystal 
orientations, resulting in the stabilisation of crystal forms that are normally not 
accessible, and these may lead to improved electrochemical characteristics in the 
resulting material. In addition to the likelihood that the open, fibrous nature of the ESM 
will increase porosity (and thus improve surface area and accessibility to the interior of 
the bulk material) it may result in the formation of nanowire like structures [20-24]. 
 
The results from experiments on electrochemical performance of the synthesised 
materials indicate that an increase in surface area does not necessarily directly result in a 
significant improvement in supercapacitor performance. The specific crystal structure 
that is formed also appears to have a significant effect on overall electrochemical 
storage capacity. For example, the specific capacitance of ESM templated NiMoO4 is 
much higher than the other materials synthesised (PMMA templated NiMoO4, ESM and 
PMMA templated NiCo2O4 and ESM and PMMA templated CoMoO4) and this is the 
material that has the most obvious elongated crystal morphology. It may be possible that 
the elongated structure has an influence on conductance of the material, due to 
minimising crystal boundaries, and this, combined with an open, porous framework that 
allows improved access for electrolyte and increased surface area, results in a 
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significantly higher specific capacitance. The nanowire-like structure of the ESM 
templated NiMoO4, allows for easy diffusion of the electrolyte into the inner regions of 
the electrode. 
 
Use of the polymeric templating technique generally improved the electrochemical 
performance of the synthesised material. The exception to this is the results obtained 
when using a templating agent in the synthesis of the NaNiVO4. In that instance, 
addition of polymeric template resulted in much poorer specific capacitance compared 
to the non-templated material. The shape of the charge-discharge curve indicates that 
the charge storage mechanism at play in this material is different to that in the 
molybdate and cobaltate materials [19]. 
 
The actual method used to synthesise the BTMO materials may be related to the final 
electrochemical performance as different strategies may favour a particular physical 
state of the material. Two different ways have been used to synthesise the electrode 
materials in this work. The NiMoO4 and CoMoO4 were synthesised by solution 
combustion synthesis while the NiCo2O4 followed a hydrothermal synthesis protocol. 
Solution Combustion Synthesis (SCS) has emerged as a facile and applicable technique 
for the preparation of nanomaterials. SCS involves self-sustained redox exothermic 
reactions between hydrated metal nitrates and fuel mixed on the molecular level which 
follow all features of other combustible systems. The specific features of SCS are [25]:  
 
• The reaction media is initially in the liquid state (e.g. aqueous solution) and 
allows mixing of the reactants on the molecular level, thus permitting precise 
and uniform formulation of the desired composition at the nanoscale. 
• The high reaction temperature ensures high product purity and crystallinity in 
one preparation step. 
 
NiCo2O4 has been synthesised hydrothermally using an aqueous solution as a 
crystallization medium. Hydrothermal synthesis is a method of synthesis of single 
crystal that depends on the solubility of minerals in hot water under high pressure. It 
includes the ability to create crystalline phases which are not stable at the melting point 
[26].  
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Research is focusing on the development of an overall rational engineering-based 
approach that will speed up process development. The rational approach involves the 
following four steps [27]: 
 
• Computing thermodynamic equilibria as a function of chemical processing 
variables.  
• Generating equilibrium diagrams to map the process variable space for the phases 
of interest.  
• Designing hydrothermal experiments to test and validate the computed diagrams. 
• Utilizing the processing variables to explore opportunities for controlling 
reactions and crystallization kinetics. 
 
NaNiVO4 has been synthesised as a novel electrode material for asymmetrical capacitor. 
NaNiVO4 is a quiet novel material, therefore; it hasn’t been investigated as electrode 
material in the literature. LiNiVO4 has been considered as reference material to 
investigate the NaNiVO4 [28]. 
 
6.1. Conclusions 
In this work egg shell membrane (ESM) and polymethylmethacrylate (PMMA) have 
been used as templates to improve electrode materials and enhance electrochemical 
performance. In general, utilising ESM as a template resulted in better electrochemical 
performance than using PMMA. Use of these polymeric templates may have the benefit 
of producing a more flexible material that is better able to withstand the expansion and 
contraction of the electrode that occurs during the charge/discharge cycle and is so 
destructive to the long-term performance of energy storage devices. The material is 
cheap to source and produce as well as being environmentally benign.  
 
Due to the fibrous nature of the ESM, the nanowire structure of the ESM templated 
NiMoO4 has attracted a significant attention in this work due to its improved specific 
capacitance and energy density, which are 259.04 F.g-1 and 252.2 Whkg-1 respectively. 
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Chapter 7 
Recommendation for Future work 
Future work is needed to improve the electrochemical performance for supercapacitors 
by synthesizing new electrode materials such as using different salts of ions instead of 
Na and Ni with NaNiVO4, e.g. KNiVO4, CaNiVO4, NaCoVO4 and NaMoVO4. Carry 
out further research on the influence of different types of templates with electrode 
materials such as graphene and conductive polymers. Changing some parameters such 
as synthesis temperature and heating time to improve the porosity and increase the 
surface area to support the electrochemical performance of supercapacitors. Using other 
techniques to characterize the samples physically and electrochemically such as FE-
SEM, TEM and EIS. 
Crystalline phases of the material undergo fast faradaic reactions that lead to high 
specific capacitance. Particularly, the specific capacitance of the ESM-β-NiMoO4 is 
much greater than without template, suggesting that the faradaic reactions lead to 
additional capacitive energy storage. Examine the effect of heating on the crystal 
structure of the electrode materials by using high temperature to synthesis the electrode 
materials. Investigate the effect of adding carbon black in various proportions to the 
cathode materials during electrode preparation. Examine the effect of electrode 
materials in other types of supercapacitors such as electrochemical double-layer 
capacitors (EDLC) and faradaic pseudocapacitors. 
Despite considerable efforts to produce this thesis, a major limitation of our study was 
NaNiVO4 investigation as a novel electrode material. NaNiVO4 needs more work to 
know the crystal structure and using other templates rather than ESM and PMMA to 
improve the electrochemical performance and achieve the specific capacitance of 
supercapacitors. 
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Abstract. In order to take advantage of the increasing sophistication of technology for harnessing renewable
energy resources, serious attentionmust be paid to how to store and re-access this energy. Electrochemical storage,
in the guise of batteries, supercapacitors and pseudocapacitors, has attractedmuch attention as a viable option for
enhancedenergy storageapplications.But in order for these technologies tobe implemented successfullyweneed to
ﬁnd materials that perform better and are relatively easy to synthesise. Bimetallic transition metal oxides are
materials thatare readilysynthesisedandmaybemultifunctional, i.e. havearoleat theelectrochemicalatomic level
aswell as the device level. In order for thesematerials towork efﬁciently in newgeneration systemsbased on sodium
and lithium they also need to be mesoporous. This can be achieved by trying to ﬁnd synthetic techniques that
produce speciﬁc, highly regulated nanostructures or by adding a ‘templating’ agent during the bulk synthesis step.
We have investigated the simple hydrothermal preparation of a number of nickel cobaltate (NiCo2O4) materials
usingpolymertemplates,eggshellmembrane(ESM)andpolymethylmethacrylate(PMMA),aspotentialelectrode
materials for supercapacitors. The ESM was expected to act as a ﬁbrous, random polymeric template while the
PMMAshouldproduceamuchmoreorderedmaterial.Electrochemical testing showed that thedifferent templates
have led to changes in material morphology and these have resulted in a difference in electrochemical properties.
Templated materials increased speciﬁc capacitance compared to non-templated and the choice of template could
inﬂuence the capacitance by as much as 30%.
1 Introduction
The demand for advanced electrochemical energy storage
devices with increased power and energy densities is
increasing due to sustainable energy and environmental
issues. Electrical energy storage and conversion systems
such as fuel cells, batteries and supercapacitors will play a
signiﬁcant role in the effective utilisation of clean energy
sources (e.g. wind and solar) with intermittent energy
output. Supercapacitors have attracted extensive atten-
tion for this role due to their ability to convert chemical
energy to electrical energy with high efﬁciency and
excellent cyclic stability [1,2]. In addition, supercapacitors
have unique properties such as ultrafast charge–discharge
behaviour, high power densities and very long-term
stability compared to lithium–ion batteries [3–5]. Super-
capacitors are typically classiﬁed into two main types
depending on the charge storage mechanism utilised;
electric double layer capacitors (EDLCs) and pseudoca-
pacitors. In an EDLC, the electrical energy, in the form of
free ions accumulated on the electrode surface, are stored
by ion adsorption. In a pseudocapacitor that electrical
energy is stored by fast surface redox reactions. With the
acknowledgement that improving the performance of
electrodematerials is perhaps the best option for improving
energy storage overall, a third type of ‘hybrid’ super-
capacitor is emerging that stores the charge by both redox
reaction and electrostatic phenomena occurring at the
electrode/electrolyte interface. These 3rd wave electrodes
promise high cell voltage, high speciﬁc capacitance,
unmitigated cyclic stability, and improved energy densi-
ty [6–8].
In developing these new electrode materials researchers
have found that enhancing surface area, electrical
conductivity, providing short ion-diffusion pathways and
having excellent interfacial integrity lead to desirable
characteristics for applications ranging from use in electric
vehicles to portable electronics [9–12]. Binary transition
metal oxides (BTMOs), as opposed to simple transition
metal oxides, can provide all of these characteristics and
show particular promise for supercapacitor applications,
particularly as they contain mixed metal valencies
providing rich redox behaviour for exploitation. Two main
challenges exist for the successful utilisation of BTMOs in
hybrid electrochemical storage devices: producing particles
★ Paper presented at: World Renewable Energy Congress XVI,
5–9 February 2017, Murdoch University, Western Australia.
* e-mail: shaymaaali77@gmail.com
Renew. Energy Environ. Sustain. 2, 9 (2017)
© S. Albohani et al., published by EDP Sciences, 2017
DOI: 10.1051/rees/2017002
Available online at:
www.rees-journal.org
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
with sufﬁcient surface area to complement the redox
capabilities; and producing them from relatively cheap and
environmentally benign metals.
The problem of surface area may be tackled by
developing synthetic methods that produce intricate
nano/meso scale structure or porosity in the BTMO that
results in a dramatically increased surface area per
particle, keeping in mind that ions still need to be able
to access the surface, i.e. there is no point in having surface
structure at a scale that is too small for ion migration to
the surface [13–16]. One way to achieve this is to add a
polymer template during the initial synthesis of the
material. Using polymeric materials as templates may also
result in improvements in the mechanical ﬂexibility of the
electrode, more reliable mesoporosity, and the capability
to introduce pore shape and volume versatility depending
on the polymer template utilised [17–19]. Many such
templating agents exist with two of the more interesting
being eggshell membrane (ESM) and poly methyl
methacrylate (PMMA). The former has been suggested
as a useful template due to its porous structure, high
temperature of decomposition (over 200 °C), low water
uptake and swelling properties [20]. In addition use of
ESM could be viewed as re-use/valorisation of a product
normally considered a waste. The PMMA has a much
more regular (and potentially tunable) structure [19].
Nickel cobaltate (NiCo2O4) has attracted considerable
attention as aBTMOelectrodematerial due to the relatively
low cost of Ni and Co, their environmental friendliness, and
natural abundance [21,22]. Furthermore, the material pos-
sesses rich redox chemistry, electronic conductivity and
electrochemical activity when compared to the correspond-
ingsimplemetaloxides,NiOandCo3O4 [15,16,23].Examples
of templated NiCo2O4 materials include an a-MnO2@Ni-
Co2O4 core–shell heterostructure [24] and a hollow NiCo2O4
nanoparticle/graphene composite [25] but most NiCo2O4
materials presented in the literature do not use sacriﬁcial
templates as a means of increasing surface area, and
particularly not polymeric templates.
The aim of this work was to determine if the addition of
polymeric templates could increase the electrochemical
capacitance of hydrothermally synthesised NiCo2O4.
2 Methodology
All chemicals were purchased from Sigma–Aldrich or Chem
Supply. ESM was prepared by immersing natural eggshells
in 2M nitric acid for 15min then separating the thin
membrane layer from shell, washing with deionized water
(DI) twice and drying at 90 °C for 2 h.
Non-templated NiCo2O4 was synthesized via a hydro-
thermal process by dissolving Ni(NO3)2·6H2O and Co
(NO3)2·6H2O (2mmol:4mmol, respectively) into a mixed
solution of ethanol and DI (40ml each) at room
temperature. Urea (24mmol) was then added to the clear
pink solution, the reaction mixture heated in an oven at
90 °C for 8 h and cooled to room temperature. Finally, the
solution was annealed at 400 °C for 3 h. Templated
NiCo2O4 was synthesised by adding (1 g, 1.5 g, or 2.5 g)
of template (ESM or PMMA) to the above solution
immediately prior to heating at (90 °C).
NiCo2O4 materials were characterized by SEM (JEOL
JCM-6000) equipped with Energy-Dispersive X-ray spec-
troscopy (EDS) to determine surface composition. X-ray
diffraction (XRD) data was collected (2u=20°–80°) with
a GBC Scientiﬁc Equipment Enhanced Multi-Material
Analyser (EMMA). Speciﬁc surface area and pore size
Table 1. Summary of surface chemistry and electrochemical data for NiCo2O4 electrodematerials. Bold values represent
the best performing material.
Blank ESM templated PMMA templated
XPS
Ni 2p
855 eV Ni+2
874 eV Ni+3
Co 2p
780 eV Co+2
796 eV Co+3
O 1s
529 eV O1
531 eV O2
Surface area (m2·g1) 0.43 7.34 20.91
Average Range Average Range Average Range
Pore size (nm) 14 5–50 15 5–50 50 5–50
Capacitance (F·g1) 25.39 28.19 38.03
Fig. 1. XRD patterns for NiCo2O4 blank (blue), ESM templated
(red), PMMA templated (green).
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distribution were evaluated using Braunauere–Emmett–
Teller (BET) nitrogen (N2) adsorption–desorption iso-
therms and Barrett–Joyner–Halenda (BJH) method, re-
spectively, on a Micromeritics Tristar II surface area and
porosity analyser. Fourier Transform Infrared Spectroscopy
(FT-IR) was conducted using a Perkin Elmer Frontier
FTIR/NIR equipped with a Universal ATR sampling
accessory and analysed using Spectrum software, v10.4.2.
Electrochemical properties of the prepared samples
were investigated by constructing a working electrode
consisting of active materials (75wt.%), activated carbon
(15wt.%), polyvinylidene ﬂuoride binder (10wt.%), andN-
methyl-2-pyrrolidine (250mL). Ingredients were mixed to
produce a homogenous paste which was coated onto a
(1 cm2) graphite sheet. Cyclic voltammetry (CV) experi-
ments were performed in (2M) NaOH electrolyte, using Pt
wire andHg/HgO as the counter and reference electrodes in
a three-electrode cell connected to a Princeton Applied
Research versa STAT3. Galvanostatic charge–discharge
was conducted using a two electrode cell (working electrode
and activated carbon) in the potential range of 0.2–1.6V at
current of 1mA. Electrochemical behaviour was evaluated
using Battery Analyser (MTI Corp, USA) operated by a
battery testing system. Speciﬁc capacitance was calculated
from galvanostatic charge–discharge curves using:
Cs ¼ I  Dt
m  DV
where I is the constant discharge current (A), Dt is the
discharge time (s), m is mass of the electroactive materials
(g) and DV is the potential voltage (V). The measured
speciﬁc capacitances are shown in Table 1 for blank
NiCo2O4, NiCo2O4 templated ESM and NiCo2O4 tem-
plated PMMA respectively.
3 Results and discussion
The prepared materials were identiﬁed as predominantly
NiCo2O4 in a spinel conformation by comparison of XRD
patterns with the standard recorded in the International
Centre for Diffraction Data database standard (Fig. 1) and
previously reported data [8,23,26]. There appears to be a
small amount of contamination from Ni(OH)2 and Co3O4
in the templatedmaterials. The XRD peaks are quite broad
indicating a relatively amorphous material.
EDS of all materials (Fig. 2) indicated the presence of
Co, Ni and O on the surface with a 1:2 Ni to Co atomic
ratio, consistent with the stoichiometric ratio of NiCo2O4
and those previously reported [27]. The chemical composi-
tion of the material surface was further elucidated by X-ray
Photoelectron Spectra (XPS). This data (Tab. 1) provided
further proof that the materials were NiCo2O4 and also
showed that the Ni and Co are present in multivalent forms
consistent with a spinel type structure. The Ni 2p peak was
composed of two spin-orbit doublets characteristic of Ni2+
(855 eV) and Ni3+ (874 eV) [15,28] while the presence of
Co2+ and Co3+ was indicated with major signals in the Co
2p peak at the binding energies of 780 eV and 796 eV,
respectively [10,29]. The presence of metal–oxygen bonds,
consistent with formation of an oxide, was conﬁrmed by a
signal at ∼630 cm1 in the FT-IR spectrum for each
material [18,30].
Fig. 2. SEM and EDS for NiCo2O4 blank (a), ESM template (b), PMMA template (c).
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The increased porosity of the templated materials was
easily veriﬁed by SEM (Fig. 2) and conﬁrmed by
calculation of the speciﬁc surface area and pore size
distribution (Tab. 1). The composites appear to be
deposited as an irregular porous structure (as indicated
by the XRD data) as observed in the NiCo2O4 ESM and
PMMA template materials at high magniﬁcation. The N2
adsorption–desorption isotherms exhibited a hysteresis
loop and analysis using the BET method showed that both
template materials had a higher speciﬁc surface area than
the blank material, with the PMMA template material
having the largest surface area (50 times greater than the
blank). The corresponding pore size distribution was
calculated by the BJHmethod and conﬁrmed that the ESM
and PMMA samples exhibit a large pore volume and well-
formed meso-porosity.
The electrochemical performance of the three synthe-
sized NiCo2O4 materials was investigated by CV in a
standard three-electrode cell and charge discharge (CD)
methods using a 2 electrode conﬁguration. The CV
measurements showed a clear increase in redox behaviour
with addition of the PMMA template (Fig. 3) as well as a
dramatic increase in the peak current density. These results
are mirrored in the CD data where the template materials
clearly have a longer discharge time. The PMMA template
material exhibits the best performance, as indicated by a
doubling of the speciﬁc capacity compared with the non-
templated blank (Tab. 1).
Superior performance of the PMMA templated materi-
al appears to be due to an increase in surface area and a
much larger average pore size. Comparison of the speciﬁc
capacitance of the PMMA template NiCo2O4 is complicat-
ed due to difﬁculties in direct comparison of capacitance
values derived from 2- and 3-electrode systems. However,
an approximate conversion between the 2 electrode CD
system to that expected for a 3 electrode CD system results
a capacitance of ∼160F g1, a value that is comparable
with other mesoporous hydrothermally produced NiCo2O4
reported in the recent review by Dubal et al. [31].
4 Conclusions
The inclusion of removable polymer templates improved
the electrochemical performance of hydrothermally syn-
thesised NiCo2O4. It appears that templating improved
performance in two ways: increasing material porosity, i.e.
increasing available surface area and; increasing pore size
into the mesoporous range, allowing better access to the
surface. The relatively ordered polymethylmethacrylate
template produced better results than the ﬁbrous,
irregular eggshell membrane template. The measured
speciﬁc capacity for the polymer templated material is
similar to that reported for other porous NiCo2O4
materials produced using simple hydrothermal synthetic
methods.
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